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Abstract 
 
Environmental impacts of electronics are a growing concern because the amount and type of 
materials used in production of the devices, the impacts to the environment from discarded 
electronics and the early retirement of products due to rapidly evolving devices, changing design 
trends, and perceived technological obsolescence. Design for the Environment is a sustainability 
strategy that aims to reduce the environmental impacts through techniques that enable 
sustainability solutions during the design decision-making process. In order to suit the diverse 
needs of sustainable design practitioners, there has been a large number of tools for Design for 
the Environment (DfE) developed, confusing product designers and engineers about which tool 
to choose to meet sustainability and design goals. Therefore, there is a need for methods that help 
designers choose DfE tools that are reliable, objective, effective, and easy to integrate in the 
regular product design and development activities. This thesis project develops a methodology to 
help designers screen, test and validate the results of applying DfE tools recommendations, when 
searching for the most effective techniques. First, the project proposes a method to classify tools 
under common DfE categories of tools, screen the tools, and identify potential techniques. Next, 
the author of this thesis, who is the designer on this document, designs an electronics device, 
under regular design parameters, for testing a set of potential DfE techniques. Prior to testing 
DfE tools, the author develops a set of sustainability metrics to measure the impacts of the 
electronic device and the reductions in environmental impacts obtained from the application of 
each DfE tool recommendations. After assessing the impacts of the device using the metrics, 
there were three DfE tools tested, Autodesk Eco Materials Adviser (EMA), DfE Matrix, and 
Electronic Product Assessment Tool (EPEAT) to determine product environmental burdens, 
propose solutions, and make design recommendations that improve the product environmental 
profile. Each tool identified materials, life cycle stages, and components that cause the product 
environmental burdens; these findings were targets for redesign. Addressing the tools findings 
resulted in three redesigns of the electronic device re-assessed with the sustainability metrics to 
measure the reductions of the environmental impacts. The metrics were useful to validate the 
results of applying the tools and help the product designer and sustainability practitioner 
developing this thesis to identify the most effective tools, the benefits, weaknesses, and strengths 
of using diverse tools.  
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Chapter 1 
1. Introduction 
 
There have been increasing impacts to the environment due to the use of resources and 
generation of waste during the transformation of resources to industrial outputs [1] [2] [16] 
[20][22]. The impacts are of growing concern because the damage to the quality of the 
environment and the reduction to the quantity of resources provided by nature in contrast to the 
growing population demanding more industrial products [16] [21]. The World Commission on 
Environment and Development was the first organization that raised awareness on the 
importance of tackling environmental burdens to mitigate the deterioration of our living 
environment and ensure sustainable development. This development implies human progress and 
better quality of life, to which technology plays a key role. Nonetheless, the development goals 
should continue but within the carrying capacity of the earth and the limits of available energy 
and resources. Therefore, actions from different stakeholders will have to lead to significant 
reduction of resource usage and generation of waste outputs that harm the environment and 
beings [22].   
 
Electronic products attract global attention because they have both positive benefits for human 
development and negative environmental impacts associated with increased resource 
consumption and emissions throughout the whole product life cycle. These industrial products 
have become a challenge from a sustainability standpoint because constantly evolving and 
improved performance trigger their consumption, resulting in early retirement of products, and 
large amounts of solid residues in the waste streams [3] [24] [25]. Thus, it is critical to be able to 
identify, measure, and reduce the environmental repercussions of electronics at early stages of 
the product life cycle. To complete these three actions, this thesis proposes applying 
sustainability methods that address the systemic relationship of technology, the environment, and 
society during the design and development process [4] [11] [24] [27]. 
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One sustainability approach to reduce environmental impacts of electronics is Design for the 
Environment (DfE). This approach provides design heuristics that help integrate sustainability 
considerations such as design for end of life (EOL), disassembly, recycling, efficient use of 
resources, and reduction of waste outputs throughout the product life cycle [8][11][26][27][28]. 
Designing for EOL focuses on product architecture that enables recovery of particular materials 
for recycling. A common EOL approach is the substitution of materials that are made of blends 
with single materials, to facilitate recovery and recycling at the EOL. Design for disassembly is a 
principle used to allow easy separation and recovery of components for EOL treatment. 
 
Efforts aimed at designing for material recovery at EOL, for disassembly, recycling, reuse, etc., 
have resulted in the development of a wide variety of DfE tools for different purposes and users. 
The availability of so many tools confuses practitioners about which tool should be selected to 
provide the greatest reduction of impacts [5][6][7]. This array of tools includes both quantitative 
and qualitative approaches, because sustainability is practiced differently by a product designer 
and a design engineer. Design engineers practice sustainability using quantitative methods that 
measure impacts and analyzes potential for reductions. In contrast, product designers use 
qualitative approaches such as life cycle design thinking to identify product attributes of concern 
and select alternatives like low environmental impact materials [74]. DfE integrates new 
activities to the design process such as environmental assessment, sustainable solutions, and 
environmental strategies. The traditional design process focuses on the generation of 
ideas/concepts that meet a set of criteria, specifications, and user experiences. In contrast, DfE 
aims at measuring, proposing solutions and strategies, and quantitatively validating the solutions 
[58]. The disparity between the design process and DfE activities must be bridged by methods 
that allow design for the environment practitioners to continue generating ideas while being able 
to measure, propose solutions and validate how sustainable are their designs.  
This work uses a life cycle assessment (LCA)-based approach to validate the utility and 
improvements of tools. Demonstrating and quantifying the efficacy of these tools will help guide 
DfE practitioners in choosing the most effective approach to attain sustainability goals. No work, 
to our knowledge, has actually measured the environmental savings associated with design 
changes resulting from application of a cross-section of tools on the same product, while also 
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maintaining traditional product design goals [5] [6] [9][12][13][29][30]. Results from this project 
will help illustrate different outcomes and priorities resulting from unique DfE tools, improve 
application of existing tools, educate practitioners, and help spread DfE as a routine, 
reproducible sustainability method. 
 
This research proposes a selection method to classify and choose DfE tools and application of 
different techniques to demonstrate their use and validate effectiveness. The tools selected differ 
in purpose so that practitioners understand who, when, and why they are best to apply during the 
design and development process. A unique component of this research is the use of independent 
sustainability metrics that address the product’s entire life cycle and autonomously evaluate the 
effectiveness of design changes proposed by each DfE tool.  
 
1.2 Design for the Environment state of the art  
 
1.2.1 Evolution of Design for the Environment 
In response to concerns about unsustainable present development paths that exceed Earth’s life 
support systems and exploit resources at faster rates to meet human demands, new engineering 
and design practices emerged. These practices aim to minimize environmental loads attributed to 
resource consumption and waste from industrial activities by integrating methods and tools that 
prevent repercussions from technological outputs used to meet human needs and wants 
[4][11][12]. Rodrigo and Castells [16] remarked the development of concepts, analytical tools, 
procedural tools, policy instrument, etc with the common final objective of sustainable 
development. DfE emerged as one of the concepts to achieve that common objective through 
heuristics for product design and development to meet consumer’s requirements in a more 
sustainable way. Given that this concept is new to design and engineering practitioners, tools are 
necessary to help in the learning process and allow adoption of its green principles in industrial 
practices [5][7][8][11][12].  
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The adoption of DfE in industry started with the integration of environmental considerations into 
company specific frameworks. This integration was possible with the standard ISO1 14062 
(ISO/TR 14062, 2002), which offers general guidelines for adoption of green principles, 
mapping engineering, environmental and business perspectives [12][17]. Despite DfE applicants 
have followed ISO 14062 to learn about general integration of sustainability, there has been the 
need to make tools specific to the sector, process stage or product they are being applied 
Therefore, there is a significant number of emergent specific product, sector and process stage 
tools tailored to the needs of the applicants.  
 
An example is Kurczewski and Lewandowska who developed a process specific method to apply 
DfE practices to the different development stages of a company. The method identifies DfE tools 
with integrated multi-criteria that can apply at various points of the development process. It also 
allows practitioners to determining sustainability targets and provides strategies to propose 
solutions at diverse stages, guiding the conceptual phase towards sustainable outcomes. For the 
application of the method, these authors recommended using data from production process and 
associated environmental loads that are priority for the multiple stakeholders. By implementing 
this method, the researchers expect to not only minimize environmental loads but also increase 
the economic benefit of the company.  
 
Another change of DfE tools responded to the need for individually relevant to only one product 
design phase. Karlsson and Luttrop [5] proposed the adoption of diverse DfE tools according to 
the design and development process phase. They suggested the integration of DfE tools that offer 
general steps to evaluate products at the first stages of the design process and the adoption of 
process specific tools at later design stages, when there is more information available to 
designers.  
 
In addition to tools relevant for products and processes, other authors stress the need for user 
specific tools that leverage practitioners’ skills while allowing learning and application of DfE 
practices. Lindahl [6] remarked the need for incorporating DfE practitioners’ needs to improve 
                                                          
1
 ISO/TR 14062:2002 describes concepts and current practices relating to the integration of environmental aspects 
into product design and development. ISO, the International Organization for Standardization. 
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emerging tools and facilitate integration of sustainability concerns.  Similarly, Lofthouse [7] 
stated that DfE tool users have different backgrounds and therefore need specific techniques 
suited to their particular skill set. She developed an inspiration-innovation tool that allows 
product designers learning about sustainability by looking at solutions others have proposed to 
solve sustainability problems. The learning step inspires novice practitioners and intends to boost 
innovative ideas during the creative stage of a design process.  
 
Vezzoli and Sciama [13] underlined that to attain sustainability it is beneficial to start by using 
general guidelines that tell how to integrate DfE practices and at what point in the design and 
development process with product or stage specific tools applicable by diverse users at different 
stages. They proposed a procedure that uses general guidelines, like environmental matrices, to 
identify what issues to address across a product life and then implemented product specific tools 
like checklists that indicate particular changes to the product definition during the concept and 
development phases. The method suggested using analytical tools at early stages of the design 
process to indentify critical environmental issues and set redesign targets. Then, prioritize critical 
criteria based on quantitative life cycle results to prescribe product specific design solutions that 
guide definition of requirements and function.  
 
Knight and Jenkins [29] developed an applicability framework that seeks to identify potential 
stages suitable for adoption of EcoDesign tools and how compatible are the tools with the 
development stages and activities. A bibliographical review of ecodesign techniques and state-
of-the art allow identification of potential tools for evaluation and selection. Tools selection was 
possible using eight questions derived from ISO 14062 best-practice guidance criteria, this guide 
allows establishing the level of appropriateness of each tool and its compatibility with the 
product development process. The investigation demonstrates that a suite of appropriate DfE 
tools must include a tool for analysis of the impacts of a product across its life cycle; a tool that 
provides general broad guidance that applies to the whole product development process and life 
cycle; and a tool that provides user specific guidance for completion of the desired goals.  
Following these suggestions facilitates selection, application, and tailoring of existing DfE tools 
at particular development stages of diverse industrial products.  
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Ryan [34] proposed to accelerate the integration of environmental considerations and leverage 
work developed using simplified expert systems that quickly gets “a feel” for where to focus the 
efforts. The first step is to create the product profile including critical environmental aspects, 
through simplified life cycle assessment. Next, set the profile as reference for future screening of 
similar products and direction for product improvement. The use of expert systems like software 
leverages the existing product profile for multiple evaluations, design iterations, and users. In 
turn, adoption of sustainability practices will not interfere with regular activities of practitioners 
and will seamlessly weave in the design process.  
 
1.3 Knowledge and Application gap in current Design for the Environment approaches 
 
Design for the environment application has evolved from the use of techniques to help 
introduced sustainability knowledge business wide to the development of sector, product, and 
stage specific tools. This evolution responds to the need for adapting the tools to practitioners’ 
background and job tasks as a means to facilitate the integration of sustainability considerations 
within regular business practices. To offer practitioners different choices, tools’ developers have 
aimed at expanding the range of available tools that are less time consuming and resource 
intensive. Therefore, there has been an advent of tools with similar evaluation approaches, for 
different purposes and for different users and stages of the product development process. The 
large offering of techniques, which in many instances of its application overlaps, confuses 
practitioners at the time of selecting the most effective tools. This confusion results from the lack 
of studies and evidence of actual use and effectiveness of existing tools. Scholars agree in that to 
increase DfE knowledge and application, there is a need for analysis on whether the emerging 
tools have any real effect in actually meeting sustainability goals and supporting design activities 
[6] [12] [33]. This is a pressing need because research has revealed that adoption of DfE is still 
challenging and inconsistent in the industrial activities. Therefore, sustainability dissemination 
and deployment of the most effective techniques are limited under present DfE approaches.  
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1.4 Project goal and scope 
 
The goal of this thesis project is to evaluate the effectiveness of multiple DfE tools at meeting 
design goals while also enabling measurable sustainability improvements for a specific ICT 
product. The novel element of this research is the use of LCA-based metrics to investigate the 
changes in environmental impacts from a product re-designed following DfE tools 
recommendations. The scope of this investigation includes the selection and application of DfE 
tools to identify impacts and re-design opportunities concurrent with validation of the outcomes 
using independent sustainability metrics and the designer or thesis author’s design expertise.  
 
Chapter 2: Review of Design for the Environment (DfE) tools 
 
2.1 Introduction 
 
The increasing importance of environmental considerations and the legislative pressure to 
address them in product design and development has resulted in development of a wide array of 
DfE tools with the common goal of facilitating sustainable product development [16]. Among 
these tools are varied alternatives intended for different purposes, users, and end goals, providing 
a wealth of options but also potentially adding complexity and confusion to how a design 
practitioner selects the tool most appropriate to their needs. This complexity is due to tools that 
overlap, contradict, or compete with each other [19]. In order to help product engineers and 
designers select suitable and effective tools, this chapter provides a methodology by which the 
objectivity and utility of a set of different DfE tools is evaluated to facilitate selection among the 
tools.  
 
First, the investigation identifies existing DfE tools of wide variety through review of scholarly 
literature and industry case studies. Then, the project proposes a tool classification framework 
based on common categories used in DfE literature. This framework not only classifies tools but 
also characterizes them according to use, user and necessary knowledge or background for 
application. Moreover, it addresses the information required for adoption and time of use in the 
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design and development process for a tool to be most effective. The last section of the 
framework focuses on evaluating tools coverage of sustainability criteria and possible results 
from applying a particular tool. All tools contained in the framework offer a degree of 
sustainability benefits; however, the intent is to identify those that provide the most tangible 
sustainability benefits with transparency, reliability, and objectivity. The framework works as an 
instrument for evaluation and selection of a large number of tools of any type, facilitating the 
discussion between multidisciplinary roles participating in the design and development process. 
 
2.2 Classification of DfE tools 
 
DfE tools provide objective information about the environmental burdens of a product at one or 
more stages of its life cycle, including materials extraction, manufacturing, transportation,  and 
end-of-life management. These tools support decision making for improved environmental 
performance during the design and development processes [16] [18]. However, there exists a 
diversity of tools from which to choose 7, 12, 13, 16, 17, 18, 29, 31, and 37. In addition, there is 
a significant distinction among tools because they can yield qualitative or quantitative results 
[35]. Qualitative tools are quick and simple to screen the environmental repercussions of 
products. They are mostly used at early stages in the product design process, when there is less 
data about a product and an overall revision can provide information for product changes. In 
contrast, quantitative tools are very useful when measurable and detailed environmental profile is 
required. They are commonly used at late stages of product development because they require 
significant amount of data about a product. 
 
There are quantitative and qualitative tools that serve different purposes and users and provide 
distinctive types of results. Table 1 follows DfE tools classification used in two DfE papers, 
Lofthouse [7] and Byggeth and Hochschorner [18]. Due to the wide offering of tools and 
outputs, an effective way of classifying the techniques is on the basis of their intended purposes. 
Table 1 presents a categorization of DfE tools based on common tools grouping found in peer 
reviewed literature. For instance, tools can be classified as frameworks if they give form and 
direction to the approaches intended to help practitioners set sustainability goals and prioritize 
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practices. As checklist and guidelines if they review a product life cycle to find environmental 
repercussions and provide guidelines to propose product specific solutions. Design for the 
Environment (DfE) matrix is an example of checklist. This technique addresses environmental, 
health, and safety (EHS) issues throughout the product life cycle and introduces the EHS 
concerns during the development process along with other key design parameters [36]. DfE 
methodology is not a time consuming tool as compared to a quantitative life cycle assessment 
and uses qualitative information when quantitative data are not available. However, to use this 
tool correctly, minimum sustainability knowledge and product life cycle information are 
necessary to obtain significant semi-quantitative results. 
 
Another type of DfE tool is the ranking and rating system whose purpose is to screen a product 
life cycle and prioritize the burdens through scores or values. An example is The Electronic 
Product Environmental Assessment Tool (EPEAT), a rating system that identifies environmental 
concerns of electronic products through consistent performance criteria concerned with materials 
content, use and management [37] [38]. The results of this tool are used for labeling products 
that meet EPEAT criteria so that customers know environmental considerations are an integral 
part of the value of a product and they distinguish a greener product in the market.  
 
The other type of tool is the quantitative “expert” systems and software-driven analytical 
techniques that integrate environmental considerations with other business criteria or with 
existing 3-D computer models [6]. These systems offer materials property data that can be 
assigned to the computer-aided design (CAD) model, supporting product analysis to optimize 
sustainability, cost, and performance of a product. The advantage of using software is the ability 
to focus quickly on target areas highlighted by the results, to leverage environmental information 
from and to multiple users at any time in the design and development process, and to save 
environmental profiles of product for future reference [34].  
 
Analytical tools are intended to measure and indicate the impacts associated with product 
attributes using reliable data on physical properties or processes. An example is life cycle 
assessment that assesses life cycle impacts on the basis of the function of the product and 
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scientific data of the burdens emerging from material properties or processes. Comparison tools 
are useful for comparative analysis of the repercussions of product iterations. They highlight 
improvement of the multiple solutions and allow creative ideas to tackle the impacts.  
 
Table 1 DfE tools categories 
 
  Category Description 
 
1. Frameworks  
 
Contain general ideas that guide the environmental 
considerations in the product development process. 
Ideas differ by user, assumptions made and 
conceptualization of green concepts.  
 
2. Checklist and guidelines 
 
 
Qualitative sometimes semi-quantitative tools that list 
issues to consider in the product development process 
and define requirement to fulfill. 
 
3. Ranking or rating tools 
 
 
Simple quantitative tools that provide a pre-specified 
scale of the relative importance or impact of an aspect 
in less time and with less complexity than most 
comprehensive tools. 
 
4. Software and expert systems  
 
 
These tools avoid the need for elaborate data collection 
and environmental expertise and can handle large 
amounts of environmental information and quickly 
provide environmental assessment results. 
 
5. Analytical tools 
 
 
The tools of quantitative and comprehensive nature 
evaluate and measure the environmental performance of 
products. 
 
6. Comparison tools  
 
Comparison of environmental design strategies and/or 
product solutions is possible with these tools.  
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Due to the wide array of techniques and formats, a practitioner can benefit from a method that 
facilitates selecting the most useful among of the tools. In the following section a methodology is 
presented by which common EcoDesign tools are classified into each of these six categories and 
further characterized based on their sustainability coverage, their intended user, and their 
expected outcomes. 
 
2.3 Characterization of DfE tools 
 
The tools selection process started with the characterization of a group of DfE techniques 
identified from scholarly work and industry case studies. The characterization describes a tool, 
its purpose, use, user, required background for effective use, type of results, sustainability 
coverage, and possible sustainability results. That information is used for three purposes:  
 
• Classify the identified tools by type and allow future addition of more techniques 
• Present to practitioners information about a wide array of available techniques 
• Facilitate evaluation of the identified tools 
 
Having a profile of the techniques through characterization, the next step for tools selection was 
the definition of evaluation criteria that help analyze the usefulness and completeness of the 
tools. 
 
2.3.1 Define evaluation criteria to select tools 
 
A set of comprehensive evaluation criteria was developed for screening the identified DfE tools. 
The most important aspects that an effective EcoDesign tool must have were determined by 
consulting scholarly work, industry reports, non-profit sustainability related organizations, 
books, software providers, and governmental organizations, as a means for defining criteria for 
the tools selection process. The evaluation criteria support screening of commercial and 
theoretical methods for scientific and non-scientific practitioners depending on the required 
knowledge, background, or training. These criteria encompass critical aspects of the product 
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design and development process, sustainability criteria and tools characteristics that are 
requirements for selection of a tool:  
 
● User profile and required background to use a DfE tool 
● Point of application in the product design and development process  
● Sustainability focus: environmental, economic, and/or social 
● Data intensity requirement 
● Quantitative or qualitative results 
● Integration of multiple business criteria 
● Coverage of some or all the life cycle phases 
● Possible sustainability outcomes from implementation of tools results 
 
2.3.2 Evaluation criteria 
 
Consulting a variety of scholarly sources help to identify critical aspects an effective DfE tool 
must have. As a result, from reviewing the sources, 31 evaluation criteria concerning with 
product design and development, sustainability and tool characteristics were determined for the 
evaluation step. Table 2 presents the evaluation criteria comprised of categories, each category 
contains one to multiple criterions and each criterion covers multiple aspects that evaluate the 
tools.  
 
Table 2 Evaluation criteria  
 
Category Criterion Aspects 
1. Characterization 1. Sustainability 
coverage 
Environmental focus 
Economic focus 
Social focus 
2. User 2. User profile Scientific or non-scientific 
3. Knowledge required Background and training 
4. Responsible party Designer, engineer, other 
3. Application 
 
5. Product application New product or existing product  
6. Application stage Point of application 
7. Focus sector Applicable product sector 
8. Data Data type, amount and availability 
9. Results Quantitative or qualitative 
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4. Design & 
Development  
10. Product design Translates eco goals to product 
specifications 
11. Compliance Facilitates design for regulatory 
compliance 
12. Material comparison Allows material comparison 
13. Design comparison Allows screening design concepts 
14. Feasibility Integrates technical and economic 
parameters 
15. Supply chain Considers supply chain requirements 
16. Business criteria Integrates critical business criteria 
5. Life cycle stage focus 17. Pre-manufacture Identifies material extraction impacts 
Allows reducing impacts 
18. Manufacture Identifies manufacturing impacts 
Allows reducing impacts 
19. Distribution Identifies packaging & distribution 
impacts 
Allows reducing impacts 
20. Use Identifies impacts of using product 
Allows reducing impacts 
21. End of life Identifies impacts of end of life (eol) 
Allows design for end of life 
6. Sustainability 
outcomes possible 
from implementation 
of tools results 
 
22. EOL  Design for desired eol practice 
23. Greener materials Allows use of greener materials 
24. Material selection for 
regulatory 
compliance 
Allows substitution to materials that 
comply environmental regulations 
25. Efficient material use Reduce virgin material use 
26. Dematerialize Reduce material per unit of product 
service 
27. Recycling Allows recycling and use of recycled 
material 
28. Energy efficiency Allows energy use reduction across 
life cycle 
29. Life extension  Allows upgrade and or 
reuse/repurpose 
30. Product take-back  Design facilitates take back and 
recovery 
31. Increase product 
value 
Increase Economic, functional and 
emotional value 
 
 
After definition of the evaluation criteria, from the group of tools identified from scholarly work 
and industry case studies, a sample of 52 were selected for screening and identification of the 
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most promising. The 52 techniques classified under six common categories of tools: framework, 
checklist and guidelines, ranking & rating, software and expert system, analytical and 
comparison. The group of 52 techniques is composed of 7 frameworks, 13 checklists & 
guidelines, 9 ranking & rating, 7 software & expert systems, 11 analytical and 5 comparison 
techniques (Table 3). Although there are more tools available, the 52 give a sustainability 
practitioner a range of options to learn and select the most useful.  
Table 3 Selected DfE tools for screening 
Type of tool Screened tool 
Frameworks Sustainability Assessment Framework and Tool (SAFT)  
Fraunhofer IZM/EE Toolbox  
KEPI – Key Environmental Performance Indicators  
TESPI – Tool for Environmentally Sound Product Innovation  
Simplicity Without Reduction: Thinking Upstream Towards the Sustainable 
Society  
Back casting  
Sustainability Innovation Cube 
 
Checklist & 
guidelines 
Screening Life Cycle Modeling (SLCM)  
Eco-design pilot  
Information/ Inspiration  
Ten Golden Rules  
Material, Energy, Toxicity (MET) Matrix 
Environmentally Responsible Product Assessment Matrix (ERPA)  
Ecodesign Checklist  
Strategy List  
Electrical and Electronic – Practical EcoDesign Guide  
Eco-design Health Check  
Watson Implosion Technology  
DfE matrix  
ECMA 341  - Environmental design considerations for ICT & CE products 
 
Raking & 
rating 
Electronic Product Environmental Assessment Tool (EPEAT)  
Materials, Energy, Chemicals and Others (MECO)  
ABC Analysis  
LiDS Wheel  
Red Flag Method  
The Green Design Advisor  
Design Abacus  
The Sustainability Balanced Scorecard 
House of Quality Matrix 
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Type of tool Screened tool 
Software Autodesk Eco Materials Advisor (EMA)  
Solid Works Sustainability Package  
End of Life Design Advisory  ELDA  
SimaPro LCA  
e-DEA  
ECO-it  
Okala 
 
Analytical Material Input per Service (MIPS)  
Life Cycle Costing  
QWERTY/EE concept  
Funktionkosten  
Trade-off modeling method of Carnahan and Thurston  
Feldman 2000 Motorola DfE  
Environmental Priority Strategy (EPS) 
The Eco-design indicator tool (EDIT)  
Environmental Objectives Deployment (EOD)  
Eco-audit  
Environmental Design Cost (EDC) 
 
Comparison Philips Fast Five Awareness  
Paired Comparison/Dominance Matrix  
Knight and Sodhi  
Econcept Spiderweb  
Morphological box 
 
  
Thesis MS in Sustainable Systems  Golisano Institute for Sustainability 
Ana Maria Leal-Yepes  Rochester Institute of Technology 
11/26/13 
 
16 
 
2.3.3 Screening matrix 
 
Using all of the defined tool categories and evaluation criteria, a matrix was produced in MS 
Excel for screening, evaluation and scoring of DfE techniques. A color-coding scheme was used 
to evaluate each tool on the degree to which it met each of the criteria specified above. The 
visual evaluation scheme was selected so that a user can quickly identify which tool(s) are the 
most complete and cover the most criteria. There are four levels of criteria fulfillment in the 
matrix: 
(1)         Complete coverage of the criterion 90-100% (dark green) 
(2)         Somehow meets criterion 80% -50% (medium dark green) 
(3)         Low consideration of criterion 40% -below (light green) 
(4)         Method does not target criterion (empty) 
 
The percentages are assigned based on fulfillment of the criteria in Table 1, which is determined 
from literature or corporate material describing each of the tools, any data available from case 
studies or generated by “Demo” use of the tools, and literature reporting or evaluating use of the 
tool for sustainable product design. Due to the number of criteria and tools to evaluate, the most 
useful method to screen the techniques was the MS Excel matrix, which is a comprehensive way 
of gathering all the requirements an effective DfE tools must have. The matrix contains tools 
categories, tools characterization, and all the evaluation criteria with spaces for the color-coding.  
2.4 Results 
Tools selected for screening were scored between 0 and 100 according to completeness of each 
of the 31 criterions of evaluation as shown the Screening Matrix Table 4.  Sections of this table 
show the tools characterization, user, and point of application in the design & development 
process, the life cycle focus and possible sustainability outcomes from implementation of tools’ 
recommendations. The color-coding given to the percentage of completeness allows to quickly 
identifying the most promising tools. 
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Table 4 Screening Matrix 
0% 40%-below 80-50% 90-100% 
No fulfillment Low fulfillment of criterion Moderately fulfills requirement Complete fulfillment of criterion 
 
Table 4.1 Tools characterization 
• Frameworks 
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User Application 
  
Method 
Scientific 
knowledge 
required 
Training 
required 
Responsible 
Party 
Applicable 
Product types Point of application 
Data 
intensity 
Form of 
results 
  
TESPI – Tool for 
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• Checklist & guidelines 
 
User Application 
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• Rating & Ranking 
 
User Application 
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• Expert Systems 
 
User Application 
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• Analytical 
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• Comparison 
  User Application 
  
Method 
Scientific 
knowledge 
required 
Training 
required 
Responsible 
Party 
Applicable 
Product 
types 
Point of application Data intensity 
Form 
of 
results 
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Philips Fast Five 
Awareness 
                            
Paired Comparison/ 
Dominance Matrix                             
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Econcept Spider web                             
Morphological box   
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Table 4.2 Design & development evaluation criteria 
• Frameworks 
  Design & Development Criteria 
Method 
Translates 
eco-goals to 
product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
Sustainability 
Assessment 
Framework and Tool 
(SAFT) 
              
Fraunhofer IZM/EE 
Toolbox 
              
KEPI – Key 
Environmental 
Performance 
Indicators 
              
TESPI – Tool for 
Environmentally 
Sound Product 
Innovation 
              
Simplicity Without 
Reduction: Thinking 
Upstream Towards  
the Sustainable 
Society 
              
Back casting 
              
Sustainability 
Innovation Cube 
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• Checklist & guidelines 
  Design & Development Criteria 
Method 
Translates 
eco-goals 
to product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
Screening Life  
Cycle Modeling  
(SLCM) 
              
Eco-design pilot               
Information/ Inspiration  
              
Ten Golden Rules  
              
MET-Matrix (material, 
Energy, Toxicity)               
Environmentally Responsible 
Product Assessment Matrix 
(ERPA) 
              
Eco-design Checklist               
Strategy List               
Electrical and Electronic- 
Practical Eco-design Guide                
Eco-design Health Check               
Watson Implosion Technology 
              
DfE matrix 
              
ECMA  Environmental design 
considerations for ICT & CE 
products 
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• Rating & Ranking 
  Design & Development Criteria 
Method 
Translates 
eco-goals to 
product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
Electronic Product 
Environmental  
Assessment Tool (EPEAT) 
              
MECO Method               
ABC Analysis               
LiDS Wheel               
Red Flag Method               
The Green Design Advisor 
              
Design Abacus 
              
The Sustainability 
Balanced Scorecard               
House of Quality Matrix               
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• Expert Systems 
  Design & Development Criteria 
Method 
Translates 
eco-goals 
to product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
Autodesk Eco Materials Advisor 
(EMA)               
Solid Works Sustainability Package               
End of Life Design Advisory  ELDA               
e-DEA               
ECO-it               
SimaPro LCA               
Okala               
 
• Analytical 
  Design & Development Criteria 
Method 
Translates 
eco-goals to 
product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
Material Input per Service  
(MIPS)               
Life Cycle Costing               
QWERTY/EE concept 
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  Design & Development Criteria 
Method 
Translates 
eco-goals to 
product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
Funktionkosten               
Trade-off modeling method 
of Carnahan and Thurston               
Feldman 2000 Motorola DfE 
              
Environmental Priority  
Strategy (EPS)               
 
• Comparison 
  Design & Development Criteria 
Method 
Translates 
eco-goals to 
product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
The Eco-Design Indicator  
Tool (EDIT)               
Environmental Objectives 
Deployment (EOD)               
Eco-audit 
              
Environmental Design Cost  
(EDC)               
Philips Fast Five Awareness               
Paired Comparison/ 
Dominance Matrix 
              
Thesis MS in Sustainable Systems  Golisano Institute for Sustainability 
Ana Maria Leal-Yepes  Rochester Institute of Technology 
11/26/13 
 
31 
 
  Design & Development Criteria 
Method 
Translates 
eco-goals to 
product 
attributes 
Facilitates  
regulatory 
compliance 
Allows 
material 
comparison 
Screens 
design 
concepts  
Considers 
technical 
feasibility 
Considers 
supply  
chain 
requirements 
Integrates 
existing 
business 
criteria 
Knight and Sodhi (2000)               
Econcept Spider web               
Morphological box               
 
Table 4.3 Tools life cycle focus 
• Frameworks 
  Life Cycle Stage Focus 
Method pre-manufacture  manufacture packaging distribution use EOL 
Sustainability Assessment 
Framework and Tool (SAFT)           
Fraunhofer IZM/EE Toolbox           
KEPI – Key Environmental 
Performance Indicators           
TESPI – Tool for 
Environmentally Sound Product 
Innovation 
          
Simplicity Without Reduction:  
Thinking Upstream Towards  
the Sustainable Society 
          
Back casting 
          
Sustainability Innovation Cube           
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• Checklist & guidelines 
  Life Cycle Stage Focus 
Method pre-manufacture  manufacture packaging distribution use EOL 
Screening Life Cycle Modeling (SLCM) 
          
Eco-design pilot           
Information/ Inspiration            
Ten Golden Rules  
          
MET-Matrix (material, Energy, Toxicity)           
Environmentally Responsible Product 
Assessment Matrix (ERPA)           
Eco-design Checklist           
Strategy List           
Electrical and Electronic – Practical Eco-
design Guide  
          
Eco-design Health Check           
Watson Implosion Technology 
          
DfE matrix 
          
ECMA  Environmental design considerations 
for ICT & CE products           
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• Rating & Ranking 
  Life Cycle Stage Focus 
Method pre-manufacture  manufacture packaging distribution use EOL 
Electronic Product Environmental  
Assessment Tool (EPEAT)           
MECO Method           
ABC Analysis           
LiDS Wheel           
Red Flag Method           
The Green Design Advisor 
          
Design Abacus 
          
The Sustainability Balanced Scorecard           
House of Quality Matrix           
 
• Expert Systems 
  Life Cycle Stage Focus 
Method pre-manufacture  manufacture packaging distribution use EOL 
Autodesk Eco Materials Advisor (EMA)           
Solid Works Sustainability Package           
End of Life Design Advisory  ELDA           
e-DEA           
ECO-it           
SimaPro LCA           
Okala           
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• Analytical 
  Life Cycle Stage Focus 
Method pre-manufacture  manufacture packaging distribution use EOL 
Material Input per Service (MIPS) 
          
Life Cycle Costing           
QWERTY/EE concept 
          
Funktionkosten           
Trade-off modeling method of Carnahan and 
Thurston 
          
Feldman 2000 Motorola DfE 
          
Environmental Priority Strategy (EPS) 
          
The Eco-Design indicator tool (EDIT) 
          
Environmental Objectives Deployment (EOD) 
          
Eco-audit 
          
Environmental Design Cost (EDC) 
          
 
• Comparison 
  Life Cycle Stage Focus 
Method pre-manufacture  manufacture packaging distribution use EOL 
Philips Fast Five Awareness           
Paired Comparison/Dominance Matrix           
Knight and Sodhi (2000)           
Econcept Spider web           
Morphological box           
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Table 4.4 Possible sustainability outcomes from implementation of tools results 
• Frameworks 
  Sustainability outcomes possible from implementation of tool results 
Method Material selection Minimize material consumption  
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Sustainability Assessment Framework and Tool 
(SAFT)                     
Fraunhofer IZM/EE Toolbox 
                    
KEPI – Key Environmental Performance 
Indicators 
                    
TESPI – Tool for Environmentally Sound Product 
Innovation                     
Simplicity Without Reduction: Thinking Upstream 
Towards the Sustainable Society                     
Back casting 
                    
Sustainability Innovation Cube 
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• Checklist & guidelines 
  Sustainability outcomes possible from implementation of tool results 
Method Material selection Minimize material consumption 
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Screening Life Cycle Modeling (SLCM) 
                    
Eco-design pilot 
                    
Information/ Inspiration  
                    
Ten Golden Rules  
                    
MET-Matrix (material, Energy, Toxicity) 
                    
Environmentally Responsible Product Assessment 
Matrix (ERPA)                     
Eco-design Checklist 
                    
Strategy List 
                    
Electrical and Electronic – Practical Eco-design 
Guide  
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  Sustainability outcomes possible from implementation of tool results 
Method Material selection Minimize material consumption 
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Eco-design Health Check 
                    
Watson Implosion Technology 
                    
DfE matrix 
    
            
    
ECMA  Environmental design considerations for 
ICT & CE products                     
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• Rating & Ranking 
  Sustainability outcomes possible from implementation of tool results 
Method Material selection 
 
Minimize material consumption 
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Electronic Product Environmental  
Assessment Tool (EPEAT)                     
MECO Method                     
ABC Analysis                     
LiDS Wheel                     
Red Flag Method 
 
        
 
The Green Design Advisor 
                    
Design Abacus 
                    
The Sustainability Balanced Scorecard                     
House of Quality Matrix                     
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• Expert Systems 
  Sustainability outcomes possible from implementation of tool results 
Method Material selection 
 
Minimize material consumption 
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Autodesk Eco Materials Advisor (EMA) 
                    
Solid Works Sustainability Package 
                    
End of Life Design Advisory  ELDA 
                    
e-DEA 
                    
ECO-it 
                    
SimaPro LCA 
                    
Okala 
                    
  
Thesis MS in Sustainable Systems  Golisano Institute for Sustainability 
Ana Maria Leal-Yepes  Rochester Institute of Technology 
11/26/13 
 
40 
 
• Analytical 
  Sustainability outcomes possible from implementation of tool results 
Method Material selection 
 
 Minimize material consumption 
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Material Input per Service (MIPS)                     
Life Cycle Costing                   
  
QWERTY/EE concept 
                  
  
Funktionkosten                     
Trade-off modeling method of Carnahan and 
Thurston 
                  
  
Feldman 2000 Motorola DfE 
                    
Environmental Priority Strategy (EPS) 
                    
The Eco-design indicator tool (EDIT) 
                  
  
Environmental Objectives Deployment (EOD)                   
  
Eco-audit 
                  
  
Environmental Design Cost (EDC)                     
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• Comparison 
  Sustainability outcomes possible from implementation of tool results 
Method Material selection 
 
Minimize material consumption 
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Philips Fast Five Awareness                     
Paired Comparison/Dominance Matrix                     
Knight and Sodhi (2000)                     
Econcept Spider web                     
Morphological box                   
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The screening allowed identifying the highest percentages of completeness of the evaluation criteria among all the tools. The results 
indicated that there were 20 potential techniques from the pool of 52. This small number was selected on the basis of providing 
defensible results supported by inventories developed by scientific communities; objectivity of the recommendations that quickly 
target aspects to address; reduced data collection intensity; and ease of application multiple times during the design and development 
process. Although there were other tools that showed potential, the 20 techniques presented in Table 5 can help meeting practitioners’ 
needs and desired sustainability goals.  
 
Table 5 Selected DfE Tools 
 
Category Method                                             Purpose                       
 
Framework 
1.     Tool for Environmentally Sound Product  
Innovation (TEPSI) 
Introduces environmental aspects and provide guides for 
business strategies that determine greener product features. 
2. Sustainability Assessment Framework and 
Tool (SAFT)    
Facilitates cross-disciplinary evaluation to identify concerns 
from multiple-criteria, leading to varied solutions that address 
concerns from disparate criteria. 
   
Checklist and 
guidelines 
3. Screening Life Cycle Modeling (SLCM)   Creates life cycle scenarios to help evaluate the repercussions of 
potential product concepts and solutions.  
4. DfE matrix   Help identify LC impacts through a checklist that addresses 
general environmental concerns and scores the product to track 
improvements. 
5. MET-Matrix (Material, Energy and Toxicity)   Semi-quantitative tool that help user identify burdens associated 
to materials, energy and toxicity of a product. 
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Rating & 
ranking 
6. MECO  Prioritizes LC environmental impacts in terms of materials, 
energy, and chemicals to guide decisions. 
7. ABC Analysis   Ranks impacts of a product according to severity of harm to 
guide solutions that reduce them. 
8. LiDS Wheel   Ranks environmental improvement potential and allows 
application of LC strategies to reduce the impacts. 
9. Electronic Product Environmental  
Assessment Tool (EPEAT) 
Rating system that identifies electronics life cycle concerns and 
guides design changes to meet criteria for eco-labeling. 
   
Software & 
expert 
systems 
10. Autodesk Eco Materials Advisor (EMA) 
 
Indicates LC impacts of 3D design concepts and guides product 
design changes based on impacts associated to material physical 
properties. 
11. Solid Works Sustainability Package   Identifies impacts from 3D design models and assessed 
environmental changes due to materials choices and attributes. 
12. Eco-it   Calculates environmental impacts across a product LC and 
identifies what parts contribute the most impacts. 
 13. PTC Wind chill Assesses if a baseline product meets (1) regulatory compliance, 
(2) cost of design, (3) impacts across the life cycle and (4) 
impacts from materials and substances to proposed greener 
solutions that address the four concerns. 
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Analytical 14. MIPS  Indicates the use of resources per units of service provided by 
the product. 
15. The Eco-Design Indicator Tool (EDIT)  Simplifies the measurement of environmental impacts of a 
product by building its LC profile and allowing iteration of 
greener options. 
16. Trade-off modeling method Carnahan -
Thurston   
Approaches preliminary design evaluation as a multi-attribute 
decision-making problem that reflects the designer's estimates of 
performance of design alternatives and the relative weight 
assigned to each attribute. 
17. Environmental Design Cost (EDC)  Considers and seeks opportunities for cost reduction of 
environmental changes or alternatives. 
   
Comparison 18. Philips Fast Five Awareness Formulates actions and strategies for reducing environmental 
impact by comparing different product concepts towards a 
reference product. 
19. Econcept Spiderweb Compares design concepts and indicates the severity of impacts 
to choose the best performing design.  
20. Morphological box Fosters eco-idea generation of multiple design options and 
allows comparative analysis of the impacts of each concept. 
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A thorough investigation of the tools selected was conducted to inform practitioners more details about the purpose, data and possible 
results of the tools selected. The outcomes of the investigation can guide DfE practitioners to narrow down the number of potential 
tools to a smaller number or set of techniques that meet their needs. Frameworks were excluded from this evaluation because they 
were found to be applicable business wide instead of in the product design process.  
 
2.4.1 Checklist & guidelines 
 
2.4.1.1 Screening Life Cycle Modeling (SLCM) 
 
The Screening Life Cycle Modeling is aimed at evaluating the main environmental impacts related with a product life cycle in the first 
phase of the Design Process, providing at the same time options for improvement throughout the development of a series of life cycle 
alternatives. It is based on the development of several life cycle scenarios that help to evaluate the performance of possible product 
concepts and solutions.  
 
2.4.1.2 Material Energy & Toxicity (MET) 
 
MET provides a systematic analysis in materials, energy and toxicity at the product development process or lifecycle. Its input-output 
model summarizes and communicates environmental impacts of a product at each LC stage. Results indicate the stage with most 
significant impact, energy usage, and effluent volumes from manufacturing and cleaning. 
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Table 6 MET matrix input data and output results 
 
MET Input                                 Output 
Materials Resource consumption: all materials consumed at all 
stages of the life cycle from materials production, to 
other products needed for operation the product 
evaluated and any material consumed when the product 
reaches EOL. 
 
Waste and emissions: The output of materials used is 
inputted in the waste and emissions column in the form 
of waste, pollutant, releases, substances, gases, and solid 
and liquid waste. 
Energy Energy use: input the material that consumes the 
highest energy from all use materials; process that 
release significant CO2 emissions (calculations must 
be performed by user); estimated amount of resource 
use in distribution of the product; energy use to operate 
and perform function; and all energy to reach EOL 
facility; EOL processing and or disposal. 
All output carbon equivalent releases must be 
determined by the user and be entered in the energy 
column, next to the input data. 
 
Toxicity Chemicals – substances: all types of waste and 
emissions from all data inputted in materials and 
energy columns (some output data in other columns is 
repeated here).  
 
Toxic releases to air, water and soil: any form of 
pollutants gas, liquid, solid from input data (this is 
determine by the user). 
 
 
This chart shows an example of the use of the MET matrix to evaluate a product life cycle impacts. The matrix includes only few 
examples of inputs and outputs from a product life cycle used to identify areas of concern and opportunities for improvement. A 
complete evaluation requires as many inputs and output emissions as possible.  
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Table 6.1-MET matrix example (Knight et al. 2009) 
 
Lifecycle Materials input - 
output 
Energy use input – output 
releases 
Waste & emissions output from LC 
 
Production and supply of 
materials & components 
Plastics (0.4t) High energy usage: Stainless 
steel & plastic 
Water pollutants from materials 
production 
In-house production Fixing, soldier Wash & bake process energy:  
Est. 458,828 kg CO2e 
0.01 t hazardous waste 40m3 
industrial effluent to sewer from 
production 
Distribution 
 
Packaging Fuel 
Est. 10,000 kg CO2e 
 
Carbon emissions from transport 
Use - operation 
 
Batteries: 40 h lifetime 3.7v Battery (chemicals and solid material) 
End-of-life :        Servicing 
                            Recovery 
                            Disposal 
Broken/damaged parts 
Packaging 
Packaging (0.01t) 
Transport fuel 
Upgrades generate est. 8920 kg 
CO2e 
Process est. 5000 kg CO2e 
Solid waste: plastic parts (0.02 t); CO2 
Batteries; PCB’s Plastics (coated)  
(0.4 t) 
 
2.4.1.3 DfE matrix 
 
This tool consist of series of questions related to each life cycle stage that screen the performance of a material, process or procedure 
associated to the product undergoing evaluation. The tool uses a scoring system to rate the impacts and focus attention on the lower 
scored aspects. Life cycle stages can be excluded if information is unknown or not available. 
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Table 7 DfE scoring table 
 
 Environmental Concern 
Life stage Materials Energy 
use 
Solid 
residue 
Liquid 
residue 
Gaseous 
residue 
Total 
Pre-manufacture 5 5 5 5 5 25 
Manufacture 5 5 5 5 5 25 
Distribution 5 5 5 5 5 25 
Use 5 5 5 5 5 25 
End of life 5 5 5 5 5 25 
Total 15 15 15 15 15 125 
 
 
2.4.2 Rating & ranking 
 
2.4.2.1 Materials Energy Chemicals & Others (MECO) 
 
The MECO matrix contains impact indicators criteria to compare products in order to identify environmental loads from each option 
and guide selection. Selection criteria include materials, energy resources used in the whole LC and chemicals classified by hazards 
type (ranking is based in eco-toxicity database from SETAC, lower score means higher hazard. The row called “others” includes all 
impacts that do not fit within materials, energy, or chemicals. For instance, consumption of a material not used to manufacture the 
product but consumed at some point of its life cycle to supply a basic or critical human need. An example of how this matrix is used 
ion presented in Table 8. 
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Table 8 MECO matrix format (Hochschorner et al. 2003) 
 
 Materials Manufacture Use Disposal Transport 
 
Materials 
Amount of material 
uses (Kg) 
Substances/ 
materials used  
Materials 
required in 
manufacturing  
Material necessary 
to operate product 
(exclude energy, 
chemicals) 
Material required for 
disposing a product 
 
Special material 
required during 
delivery 
 
Product resource 
usage 
 
Amounts kg  Resource required 
in manufacturing 
Resource 
necessary to 
operate product 
Materials disposed of 
during manufacture   
Fuel/resource used 
in transport 
Sum of all 
resources used 
(primary resource –
recycled content)  
 
Add up all resources minus recycled content  
 
Energy 
Primary  energy 
source MJ 
Aggregated 
material 
energy content 
in product 
Estimated 
manufacturing 
energy content in 
product 
Energy consumed 
in the use phase 
 
 
Energy 
used in 
disposal 
practice 
Energy used in transport 
 
Resource used  
(e.g. oil) 
Amount Amount Amount Amount Amount 
 
Sum resources 
consumed 
3 Add up all oil/resource used across LC     1. Total LC primary energy 
4 Add up all oil/resource used across LC     2. Total LC primary energy 
Chemicals 
 
Substance/ 
Material 
and hazard 
type in product  
Specific chemicals 
required in mfg 
Include hazard 
type per substance 
Chemicals that 
enable operation 
or performance 
Data regarding use of 
chemicals 
Emissions from the 
recycling process 
Chemicals used 
and released in and 
during 
transportation 
Others 
 
Other 
resources 
 
Material  
 
Environmental 
pollution from LC 
of resource 
Releases from the LC Increase in type of 
transport due to 
materials  
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2.4.2.2 ABC Analysis 
 
The ABC assessment is performed as the first step of other analysis, especially iterative screening LCA (SLCA), to identify the main 
problems to focus on. To assess a process or product, criteria in different groups are characterized with a scale A, B, C (Table 9). 
Scale A means the most problematic and requires actions; B needs observation, solutions, and C has no harm and no action is 
required. The matrix requires data about materials, substances, processes, and effects.   
Table 9 ABS analysis requirements 
Eco-importance Criteria 
 
A   (high) 
 
• Human toxicity 
• Persistency in the environment and eco-toxicity 
• Other qualitative hot spots 
B   (middle) 
 
• Substances less toxic or harmful, whose emissions have less 
impact 
• Substances not A or C 
 
C   (small/no) • Inert, no toxic emissions 
• No known or small qualitative problems 
 
 
2.4.2.3 Life Cycle Design Strategy (LIDS) 
 
This streamlined approach to LCA compares a new product design against an original product in eight life cycle stages: (1) New 
concept development, (2) low impact materials, (3) reduction of materials, (4) optimization of production techniques, (5) efficient 
distribution, (6) reduction of impact in the use phase, (7) optimize initial lifetime, (8) and optimize end of life (eol) system. This LC 
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stages become strategies for improvement of a new product. The results are presented in a visual map with axes representing each LC 
phase within a wheel. The diagrams below (Figure 1-2) show how the strategies cluster by the life cycle phase to which they relate. To 
assess a product, the degree of impact is plotted along each radial axis and assigned a score between 0-5. Lower assessed impact 
should be marked in the outer contour of the wheel. The eight strategies result in the environmental improvement potential of different 
design alternatives.  
 
Figure 1 LiDS Wheel (Wong, 2009)                  Figure 2 Links between product levels, DfE strategies and product life (Wong, 2009) 
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2.4.2.4  Electronic Product Environmental Assessment Tool (EPEAT) 
 
The Electronic Product Environmental Assessment Tool (EPEAT) consists of 8 categories containing required and optional criteria 
that a product must meet in order to gain EPEAT certificate (Table 10). The certificate is granted on the basis of applicable criteria to 
the product under evaluation.  
 
Table 10 EPEAT evaluation criteria 
 
Criteria 
4.1. Reduction/elimination of environmentally sensitive materials 
4.2. Material selection 
4.3. Design for end of life 
4.4 Product longevity 
4.5 Energy conservation 
4.6 End of life management 
4.7 Corporate performance 
4.8 Packaging 
 
2.4.3 Software & expert systems 
 
2.4.3.1 Solid Works Sustainability Package 
 
This tool uses a computer generated design (CAD) design and Gabi LCI data compliant with ISO LCI standards to assess design 
alternatives impacts. The tool is designed for changes in design features and material selection to achieve environmental impact 
reduction from early stages of the design process to production. GaBi2 life cycle inventory database contains 4000-LCI profiles 
                                                          
2
 http://www.gabi-software.com/databases/ 
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compliant with ISO 14044, ISO 14064 and ISO 14025 standards. Data set includes metals, organic and inorganic intermediate 
products, plastics, mineral materials, energy, machining processes, recycling economy, coatings, electronics, construction materials, 
and textile finishing or renewable raw materials. A new section includes the first social parameters. The assessment provides detailed 
environmental impacts of a design and assigned materials across its life cycle. The contribution of the parts are ranked and compared 
to identify target areas for redesign.  
Table 11 Solid Works Sustainability Package data required and output results 
 
LC phase Input Output 
 
Materials (1) 
Designer material choice: thermoplastics, thermo sets, 
ferrous metals, nonferrous metals, wood, fibers, others. 
Impact indicators: 
• Carbon emissions  
• Energy consumed 
• Air pollution 
• Water pollution 
Specify material physical and chemical properties to 
narrow selection. 
 
3D model Identify excess material 
 
Manufacturing 
(2) 
Final manufacturer geographic location 
(region/continent where OEM (final manufacturer) is) 
Impact indicators: 
• Carbon emissions  
• Energy consumed 
• Air pollution 
• Water pollution 
Production process of chosen material 
Use (3) and 
End-of-Life 
(4) 
Transportation mode of final product from OEM to 
point of sale 
Geographic region where final product will be used 
(final purchase) 
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2.4.3.2 Autodesk Eco-Material Adviser (EMA) 
 
 The tool is designed to assess the environmental burdens of product design alternatives through physical properties of materials 
assigned to products.  The materials are chosen from Granta database, a comprehensive database3 with information about materials, 
manufacturing processes and finishes. Data requirements for the assessment are shown in Table 12.The assessment is performed on 
the basis of metrics concern with materials, restricted substances and coating: 
1. Materials 
• Geo-economic 
 
o Annual material production (tons/yr) 
o Reserves (tons) 
o Typical exploited ore grade % 
o Abundance in earth’s crust (ppm) 
o Abundance in sea water (ppm) 
o Min economic ore grade % 
• Production energy and emissions 
• Processing energy, end-of-life, bio-data 
• Physical, cost, mechanical, thermal, electrical, optical, durability properties 
 
2. Restricted substances 
 
• Data (national – intern) on restricted substances and legislation that affects them 
 
3. Coatings 
 
                                                          
3
 http://www.grantadesign.com/products/data/ecoselectorprops.htm 
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• Technical 
• Restricted substance 
• Substitution cost 
• Other 
 
 
 
Table 12 Autodesk EMA input data and output results 
 
LC Phase Input Output 
 
Raw 
materials (1) 
Choose material per part from Granta material 
database 
Numerical impact indicators of primary material 
production: 
• Energy 
• CO2  
• Water 
Production (2) Material processing • Energy (MJ/Kg) 
• CO2 (Kg/Kg) 
 
Bio-data (3) 
 
 
 
No additional data for this phase • Toxicity rating: 
o non-toxic 
o slightly toxic 
o toxic 
o very toxic 
• RoHs compliant 
• WEEE prohibited 
• Approved for skin and food contact 
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Disposal (4) 
No additional data for this phase • Recyclability 
• Embodied energy (MJ/Kg) 
• Recycling fraction (%) 
• Down cycle 
• Biodegradability 
• Landfill potential 
• Combustion CO2 
• Non-recyclable use fraction 
 
 
2.4.3.3 ECO-it 
 
This tool is used to help determine the main contribution to the environmental loads of a product throughout its life cycle. Using the 
tools practitioners can prioritize specific design solutions for a particular LC phase and target systems and components of the product 
Eco-it uses Eco-invent as standard database and ReCIPe method to calculate impacts. This methods turns life cycle inventory results 
into impact indicator scores. In Eco-it LC scores are predefined as building blocks for commonly used materials such as metals, 
plastics, paper, board and glass as well as production, transport, energy and waste treatment processes  
Table 13 Eco-it input data and output  
 
LC phase Input Output 
 
LC (1) 
 
 
• For the functional unit input product description : 
o Product description (type) 
o Function 
o Model number (if any) 
Numerical or graphical scores of impact 
indicators across LC phases: 
• ReCIPE (Pt) 
• CO2 (Kg eq.) 
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LC phase Input Output 
o Lifetime (yrs) 
o Average/estimated frequency of use 
 
Production (2) 
 
 
• Hierarchical structure: assemblies/subassembly or 
parts 
• Specify material per part 
• Specify manufacturing process per part  
• Amount of parts 
• Unit of resource/material (Kg, MJ, etc) 
Numerical or graphical scores of impact 
indicators per part: 
• ReCIPE (Pt) 
• CO2 (Kg eq.) 
Use (3) 
 
 
 
• Specify functions 
• Specify processes to enable use (only energy and 
transport are accepted) 
• Specify energy/resource required to operate 
product 
• Amount of resource required to operate 
• If additional LC per parts are required they can be 
created and stored to be used in the product LC 
Numerical or graphical scores of impact 
indicators per part4: 
• ReCIPE (Pt) 
• CO2 (Kg eq.) 
 
End-of-life 
(4) 
• Part 
• Material per part  
• Specify the waste scenario for the product or for 
different parts and materials and percentage 
distribution per waste scenario: 
o Municipal 
o Household 
• Kg CO2 eq. per component and material 
• Product Kg CO2 eq.  
• ReCIPE (Pt) score and points per part, 
material and aggregated 
• (#) Sing of missing indicator (underestimated 
eol practice) 
                                                          
4
 Red means a positive value, yellow means a negative value 
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LC phase Input Output 
o Recycling 
o Incineration 
o Landfill 
Assumptions5:  
Incineration: It is assumed that incineration is carried 
out in a modern plant with a high-quality scrubbing 
system. 
 
Landfill is based on modern landfill sites with water 
purification and good seals, reducing probabilities that 
harmful substances reach ground water. 
 
Recycling. It is assumed that the materials arrive 
sorted by type and are clean. 
 
Household waste. In an average household, a number 
of materials such as glass, paper and compostable 
waste are collected and recycled. 
 
Municipal waste. Average processing of waste in a 
municipality is modeled and the environmental impact 
of transport is included. It is assumed that a certain 
proportion is landfilled and the rest is incinerated.  
 
 
 
 
                                                          
5
 Eco-it manual By PRé Consultants, the Netherlands, www.pre.nl 
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2.4.3.4 PTC Insight/Wind-chill6 
 
This is production documentation and process management tool that offers Product Analytics software comprised of four-product 
analysis: (1) compliance, (2) cost, (3) life cycle assessment and (4) materials and substances. The tool uses bill of materials (BOM) 
and components to assess a product performance and risk and compliance early on the innovation phase and throughout its life cycle. 
For the first analysis, materials and substances, data are inputted by the user but the three remaining evaluations use information from 
the first, reducing the time of the assessment. The software scales data across an the business function of an organization allowing 
different users to view and edit product structures across multiple levels, update product architecture requirements and build a share 
BOM database. 
 
Table 14 General PTC Wind chill data requirement and expected results 
Input Output 
• Products 
o Parts 
o Materials & substances data per part 
• Supplier data 
o Materials & substances data in products: total weight, 
mass and percentage/concentration 
Central repository of material and substance data for 
parts and products with total weight, mass and 
percentage/concentration 
 
 
 
 
 
 
                                                          
6
 http://www.ptc.com/products/windchill/ 
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2.4.4 Analytical tools 
2.4.4.1 Material Input per Service (MIPS) 
 
The MIPS method is a Material Flow Analysis (MFA) used for measuring the relative environmental stress of products with material 
inputs. The MIPS concept focuses on material inputs as an aggregate indirect measure of ecosystem disturbance due to the relation 
between resource use and environmental impacts. This method computes the mass of material flow input per total unit of service 
delivered in a product lifetime. 
 
Table 15 MIPS data requirements and results 
Input Output 
For all LC phases: 
 
• Amount of resources (biotic, abiotic) extracted out of the 
ecosystem to provide a unit of service  
• Resource inventory of renewable and non-renewable 
materials 
 
Break down service into physical activities the product overcomes to 
deliver the service and define them in terms of the units chosen 
 
 
• Cumulative resource consumption to deliver 
function in terms of specified units  
• Proxy of ecosystems stress based on material input 
 
Assessment of current technology use of resources vs. 
the service provided 
 
 
 
2.4.4.2 The Eco-Design Indicator Tool (EDIT) 
This online tool allows user to measure the environmental impact of both packaging and products. It estimates, monitors and reports 
life cycles loads.  This method assesses the direct emissions from site/area and activities concerning waste, water and wastewater 
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industry. Access to this tool requires registration on the Envirowise website7. EDIT has been developed around browsers that are 
standard compliant and uses the methodology Defra GHG CRG for the assessment. The tool simplifies the environmental assessment 
by building blocks with critical information specific aspects (see data) and then makes recommendations to improve the product. 
Table 16 EDIT input data requirement and expected results 
Input Output 
Product overview 
Product data 
Packaging and transport data 
Resource consumption in the use phase  
EOL 
Recyclability 
Material water footprint 
Recycled content 
Embodied CO2 in materials 
Transportation impacts 
Product Pack Ratio (Weight) 
• recycled content of materials 
• recyclability of the product or packaging system as a whole 
• volumetric efficiency 
• volumetric Efficiency (Packaging) 
• environmental impact at the use stage 
 
2.4.4.3 Trade-off modeling method Carnahan-Thurston 
 
This method addresses the difficulty to select the best design concept, early in the design process, due to incomplete or subjective 
design information to evaluate and choose among alternatives. Approaching preliminary design evaluation as a multi-attribute 
decision-making problem, both the levels of attributes and their relative importance can be treated as fuzzy/assigned numbers elicited 
from the designer. The fuzzy line segment makes possible to see the designer's estimates of performance of design alternatives and the 
                                                          
7
 http://envirowise.wrap.org.uk/uk/Our-Services/Tools/EDIT-The-Eco-Design-Indicator-Tool.html 
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relative weight assigned to each attribute. A “fuzzy”/assigned numerical value adds rigor to the examination of design options. The 
fuzzy line method takes full advantage of the limited information available at early design stages and enables mathematical analysis of 
them by assigning a fuzzy language to product attributes. The drawback is the length of the process and the multi-criteria expertise 
required to obtain results. 
 
2.4.4.4 Environmental Design cost (EDC) 
 
This financial method allows electronic product manufacturers to calculate the changes in the production costs of various 
environment-friendly alternatives in product design as well as the present value of future end-of-life processing costs.  
Calculations: 
 
• Labor cost () =number of fastenings () x standard assembly time /relative productivity x hourly wage / 3600 
 
• Present value future cost: 
P VFC = FC / (1 + k)' x collection %  
PVFC = present value of future end-of-life processing 
FC = future end-of-life processing costs 
k = cost of capital of the company 
t = life time of the product 
 
Table 17 EDC input data requirements and expected results 
 
Input Output 
Parts list 
Factory cost price: cost price + assembly cost 
Future eol processing costs 
Number of sales per year 
Life expectancy  
Return percentage  
 
1. Total factory Cost Price 
2. Present value of processing costs future End-of-life 
3. Product costs 
• The change in production costs when the 
product is modified 
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Alternative parts 
Investment costs 
• The production costs of the modified product 
 
 
2.4.5 Comparison tools 
 
2.4.5.1 Philips Fast five Awareness 
 
This qualitative tool developed by Philips is a quick check method for assessing initial concepts of a product with a reference product. 
Users need to answer yes/no questions on five different categories to complete the evaluation. The five criteria chosen are (1) energy, 
(2) recyclability, (3) hazardous waste content, (4) durability/ reparability/preciousness, and (5) alternative ways to provide service. 
After the questions are answered, interpretation can be completed based on the number of yes answers. A single “yes” means the 
product should be upgraded to the reference product; three “yes” answers give opportunity for additional improvement but show that 
alternative as potential. 
 
Table 18 Philips Fast five Awareness data requirements and expected results 
Category Questions Input Yes No Output 
Energy Does the propose design 
requires less energy that the 
reference product? 
Mfg energy 
Transportation energy 
Use energy 
  0 No green at all 
1 Upgrade to the reference 
Recyclability Is the proposed design more 
recyclable than the 
reference? 
Separation 
Recyclable amount  
  2 Reconsider the reference 
concept 
Hazardous waste Does the product design Restricted materials in   3 Interesting alternative, still 
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content contain or produce less waste 
than the reference product? 
product room for improvement 
Durability/ 
reparability/ 
preciousness 
Has the proposed design 
have better durability, 
reparability or affection than 
the reference? 
Lifespan 
Easier to upgrade 
Encourage long use 
  4 Probably a viable choice 
Alternative ways to 
provide service 
Are there ways to provide 
desired function with lower 
ecological loads? 
Techniques to reduce 
resource but maintain same 
service 
  5 An excellent alternative 
 
 
2.4.5.2 Econcept Spider web 
 
Econcept Spider web, an eight-axis diagram, is an environmental product assessment tool with flexible criteria that can be used for 
comparison between a concept and a reference alternative. The user defines an appropriate set of criteria to be used for the estimation. 
For each solution, there was a set of criteria specified and assigned to each axis.  Different product aspects are assessed and graded 
into seven ratings, from 0 to 6. Rate “0” means that aspect has very bad environmental impact. In contrast, “6” has very good 
performance. Once rating each axis, the dots can be connected, creating a product profile (Figure 3).  
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Figure 3 Eight axis Spider web diagram 
 
 
 
 
Table 19 Econcept Spider web Data requirements and output scores 
 
Input Criteria (only 8 can be chosen for every assessment) Output 
 
• Resource efficiency: material and energy 
• Fulfillment of needs 
• Satisfaction of customer needs 
• Sustainable use of renewable 
• Avoidance of hazardous substances 
• Waste & emissions 
• Recyclability 
• Cost efficiency 
• Product aesthetics 
• Longevity 
 Aspects rating: 
0= Very bad       
1= Bad                
2= Not good      
3= Moderate    
4= Better          
5= Good          
6= Very good   
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2.4.5.3 Morphological box 
 
It is a powerful tool for eco-idea generation of new products. The existing design solution is broken down into elements, e.g. product 
parts, textures, colors etc. For each element different proposals are described, e.g. all parts, preferred colors. Then alternative 
solutions/relationships for the product are created by combining the proposals for each element into a matrix. The entire matrix is a 
morphological field containing all of the formally possible relationships involved (Table 20).  
 
Table 20 Morphological box data requirements  
 
Properties of product under evaluation (List all important properties for a product screening) 
 
Resource Supply Size Style Finish Material 
 
Battery 
 
Hand held Modern Black/matte Plastic 
 
 
Given the challenge design practitioners face, when choosing a DfE tool, the approach of this project clarifies and provides easy-to-
understand information to aid the decision-making process. However, this approach only addresses the “front end” or selection of 
tools, while the actual effectiveness of each tool at achieving sustainability and design outcomes is still unknown [6, 30]. While tools 
may claim a life cycle approach or easy to use metrics, many of these criteria have yet to be assessed on an independent and objective 
basis. Therefore, the next section of this thesis applies and assesses three different DfE tools to test their effectiveness in helping 
practitioners meet sustainability goals and the effects on product design.   
67 
 
Chapter 3: Sustainability and design outcomes of tools application 
 
3.6 Introduction 
 
As DfE practices are being increasingly adopted for the design and development of products, 
new methods and tools continue to emerge to meet needs of practitioners and allow integration 
of environmental considerations within routine product development activities [34, 35, 39].  
Beyond informing sustainable design decisions, these tools also facilitate learning and 
application of sustainable principles and best practices by users who do not necessarily have 
existing sustainability expertise [5, 6]. Despite the growing development and application of 
specialized DfE tools, there has been little effort made to validate the actual effectiveness of 
different tools in helping meet desired sustainability goals. Given the role these tools play in 
guiding product development and the difficulty non-expert users may face in quantifying 
sustainability benefits, there is a clear need to investigate the degree to which different tools 
enable measurable environmental improvements.  Therefore, this study aims to 1) select and 
apply three common DfE tools for the environmental improvement of a common consumer 
electronic product; 2) use independent sustainability metrics to quantify product-level 
environmental impacts before and after application of the tools; and 3) assess the design 
outcomes resulting from each tool’s recommendations. 
 
To select three tools for comparison, multiple DfE peer reviewed papers reviewed, helped 
categorizing the types of tools, and assessing them based on relevance to the product investigated 
here. The development and implementation of DfE programs and tools have evolved from 
generalized to specific techniques tailored to the work performed by different sustainability 
practitioners [6, 7, 13, 29, 30, 32]. Because the literature has shown common tool application 
either follows general steps to develop procedures for environmental evaluation or implement 
specific sector, product or process tools for identification of products life cycle impacts [12, 14, 
15, 16 17], there is a need for advancing the DfE practice to spread  sustainability principles 
within regular design and development activities.  This need is addressed in this project, which 
seeks to demonstrate how a DfE practitioner can select and apply effective DfE techniques that 
help reduce product environmental impacts and obtain desired design outcomes. 
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To operationalize this case study, a common consumer electronic product was selected as a test 
case. Electronic products are representative of the numerous challenges that face designers as 
they specify features and attributes that influence the entire product life cycle: from materials 
selection and manufacturing to end-of-life management through reuse or recycling. Electronics 
are also one of the growing areas of global environmental concern because of the environmental 
repercussion of substances contained in electronics and the increasing amount of resources 
consumed to produce these devices. The repercussions must be addressed because electronics are 
used for short time and the fast technological evolution and new product attributes result in 
perceived obsolescence of products of fast market saturation [44]. While all electronics share 
these challenges, one of the fastest growing and most rapidly evolving segments of this market is 
ultra-portable multifunctional devices, like tablets, which are being adopted faster than any 
previous mobile device. Industry reports reveal that tablets were sold in volumes close to 100 
million units in 2012 and that they reduce personal computer market growth by 3 percentage 
points in 2011 [43]. While focused here on this electronic device, the study methods are 
translatable to any product undergoing design for sustainability.  
 
The focus on an electronic device and the growing reported use of the tools by diverse DfE 
practitioners were the main factors considered in selecting tools for comparison in this study [34, 
37, 39]. Three tools were chosen that could be applied to assess an electronic product and can be 
easily integrated to the product design and development process are used for the demonstration 
of application and evaluation of effectiveness: 
 
1. the checklist Design for the Environment (DfE) Matrix [42] 
2. the rating system Electronic Product Environmental Assessment Tool (EPEAT) [38] 
3. the expert system Autodesk Eco Materials Adviser (EMA) [41] 
 
DfE matrix is a tool used by product designers and engineers for an initial evaluation of the 
environmental performance of a product for product development changes. EPEAT is used for 
product labeling and regulatory compliance purposes. Product designers use EMA during the 
creation of design concept to choose materials with greener profiles and change product 
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attributes. Each tool applied identifies the environmental impacts of a specific design concept in 
order to make product redesign recommendations for improved environmental performance.  
 
3.7 Methodology 
 
The methodology was developed to investigate the effectiveness of DfE tools when applied to 
meet sustainability goals and when considering traditional product design ideals. This 
methodology was implemented in five overlapping stages: First, an electronic device was 
designed to meet target user needs.  Second, sustainability based metrics were used to quantify 
the baseline product environmental burdens. Third, selected DfE tools assess the design from a 
life cycle perspective to identify promising redesign opportunities to minimize environmental 
impacts. Each tool identifies parts, life cycle phases, and materials associated to environmental 
burdens of the design. Fourth, after identifying the environmental “hotspots,” or problem areas, 
the aut5hor of the thesis, who is also the designer proposed sustainability solutions by 
interpreting the tool outcomes using sustainability and design expertise and translating these 
solutions into concrete redesign recommendations. Fifth, sustainability based metrics are re-
applied to quantify the degree to which each tool enabled the reductions of environmental 
impacts through the proposed design changes.  
 
3.7.2 Design of an electronic device 
 
The consumer electronic product designed was a tablet, which is expected to have a rapid market 
growth in the coming years [43-44]. Therefore, integrating sustainability considerations during 
the design of this product, before it has reached market saturation presents a clear opportunity to 
prevent many of the impacts traditionally associated with electronics. After choosing the product 
type, the minimum design specifications were defined to guide creation of various design 
concepts that meet user, function, features, materials, aesthetics, ergonomics, and safety criteria. 
Table 21 includes the specifications followed to design the original tablet and redesigns from 
tools recommendations. No consideration for sustainability was made intentionally at this point, 
to reflect the traditional product design process. 
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Table 21 Tablet design specifications 
Design specifications 
User Young adults 
Function  The design should allow users to navigate, connect, display, chat, write, and add 
applications as desired. The key function is that device stands up on its own 
while  user operates it from the distance, increasing productivity 
Features 
 
• Large screen 9.7” 
• Built-in camera 
• Protective case 
• Integrated support 
• Integrated keyboard or stylus pen (users of this age tend to lose parts not 
integrated in devices. Its is recommended to make every component 
integrated to the main body or that user notice a part is missing withouth 
compromisisng functionality). 
Materials 
 
• Durable, strength, rigid, impact resistance and tough, heat resistant  
• Multiple color choices through pigments 
• Injection molding material 
• Non-toxic materials 
Aesthetics 
 
• Multiple color choices, preferred light colors for children  
• Semi gloss finish  
• Rubberized accessories for protection  
Ergonomics 
 
• Easy to carry and hold in hand for long period of time 
• Free hands with integrated support 
• Visible on’off button  
• Quick access to mic – headphones jack 
Safety The item must meet all safety standars particularly with respect to toxicity  
The design of any hinges must not allow fingers to be trapped 
 
Before starting concept generation, a disassembly of an earlier generation of a tablet device was 
performed to understand the systemic relation of parts and to identify components and materials.  
Using common hand tools like screwdrivers and pliers, the tablet M1200 T001 from Motion 
Computing was disassembled and sorted by assemblies to be the reference for the new design. 
Based on the disassembly, consulted teardowns from iSupply and Morgan Stanley Tablet 
comparative research and physical identification of materials, a bill of materials of the reference 
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product was developed and used to guide new design concepts. Multiple design iterations were 
created and a final concept selected on the basis of design specifications, manufacturability and 
product differentiation from existing tablets. The original concept is designed on the basis of 
traditional product design principles and practice, and therefore, does not include any explicit 
sustainability criteria.  
 
3.7.3 Sustainability metrics 
 
 Measuring the environmental impacts of a product across its life cycle is the most critical step to 
validate if one solution is more sustainable than another is. A set of sustainability metrics that 
span the product life cycle was defined to identify the original design burdens and to measure the 
changes in key environmental criteria proposed by redesign recommendations of each DfE tool. 
The set is comprised of 4 categories of sustainability criteria under which products are evaluated. 
Each category contains different metrics that measure impacts of the original design and the 
three redesigns. In Table 22, there is a summary and explanation of the metrics, which are 
detailed in the following sections.  
 
For the purpose of this thesis project, the metrics are applied only to parts and materials a 
product designer can directly influence. For example, it is known that major contributors to 
environmental impact in electronics is the semiconductor silicon wafer used for processing, 
memory, etc., and the printed circuit board on which these wafers are found [45]. However, this 
is a technical specification that is beyond the purview of the typical designer and constrained by 
the suppliers of these components.  Instead, this approach is to apply the DfE tools to design 
aspects that can be influenced by the designer, most commonly the materials and their finishes, 
overall product architecture, fasteners, and assemblies.  
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Table 22 Sustainability metrics 
Category Metric 
 
Materials   
Primary material content 
Secondary material content 
Number of dissimilar materials (single) 
Number of dissimilar materials (composite) 
Energy Energy intensity of material production  
Emissions Carbon footprint of material production 
Human toxicity of  material production  
 
End of Life 
Mass of materials recoverable by disassembly  
Mass of materials potentially recoverable by 
disassembly and recycling  (recycling potential) 
Cumulative energy potentially recovered by recycling  
Degree of disassembly possible 
 
The application of sustainability metrics required gathering specific data that could be used to 
check the changes in impacts because of the redesign recommendations. Materials data were 
collected from Ecoinvent life cycle inventory (LCI) databases in SimaPro. Life cycle impact 
assessment characterization factors for carbon footprint and human toxicity were obtained from 
ReCiPe Midpoint, The Greenhouse Gas Protocol, and Cumulative Energy Demand methods in 
SimaPro. 
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3.7.3.4 Materials 
The first metric category assesses environmental impacts associated with material used in a 
product across four dimensions: primary and secondary material content and the number of 
dissimilar single and dissimilar composite materials.  
 
• Primary material content 
Primary, or virgin, material content is estimated from the disassembly and characterization of 
parts and materials of the reference device. Disassembled parts are weighed using a scale and 
then physically characterized to determine material content. It was assumed that all materials in 
the initial design were primary in nature, as there is no available data or bill of materials for 
tablets currently in the market that specify use of virgin resources and or post-consumer recycled 
material.  
 
• Secondary material content 
Secondary material content is the mass of recycled resource contained in the product. This 
amount is determined by the designer, following technical specifications.  
 
• Number of dissimilar materials 
Number of dissimilar materials is an indicator of the amount of materials that are not 
homogenous in composition would therefore be difficult to recover through first, basic 
disassembly. Manually separable materials containing at least 99% of a single material were 
considered to be “single.”  
 Resources classified as “composite” are those that contain mixes, blends, and joined resources 
that cannot be recovered through basic manual disassembly using hand tools. An example of 
composite is the printed circuit board material (contained in the motherboard and memory cards). 
 
3.2.2.2 Energy 
 
To assess the energy intensity of material manufacturing, the cumulative energy demand (CED) 
was quantified for each of the materials specified in the product.  This estimate does not include 
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the energy associated with assembling each of the materials into components, assemblies, or the 
final product, due to the lack of data specific to these processes. However, focusing on energy 
intensity of materials is consistent with our approach of constraining the scope to product aspects 
that a designer can easily influence, such as the material specified within a product. CED values, 
which include all energy inputs associated with extracting and processing a material, were 
collected using ecoinvent life cycle inventory (LCI) data for each material and the CED life 
cycle impact assessment (LCIA) method in SimaPro 7.3. Each material-specific CED value was 
multiplied by the amount of that material in the BOM (equation 1) 
 
Equation 1    = ∑  ()() ∗    () (/)   
 
3.2.2.3 Emissions 
 
While the CED provides a good estimate of energy and fuel resources consumed during 
manufacturing, it is also necessary to quantify the potential emissions associated to material 
extraction, refining, and processing. Two types of emissions were selected as being highly 
relevant to the sustainable design process: total carbon emissions (relevant to many companies’ 
carbon foot printing efforts) and total emissions contributing to human toxicity (relevant to 
environmental health and safety reporting and social responsibility efforts of many companies). 
 
• Carbon footprint of material production  
 
Carbon emissions were quantified as the total kg of carbon dioxide equivalents (kg CO2-eq) 
released from all stages of producing 1kg of a material. The LCI emissions data are collected 
from ecoinvent data for each material and the CO2-equivalent factors were obtained from both 
the Greenhouse Gas (GHG) Protocol and ReCiPe Midpoint (Hierarchist version) LCIA methods.  
The two methods are very similar and used for an internal consistency check, with the main 
difference being that the GHG Protocol uses 100-year global warming potential (GWP) from the 
IPCC 2nd Assessment Report, and ReCiPe uses 100-year  GWP from the IPCC Working Group 4 
Report. Total material carbon emissions were calculated as per Equation 2: 
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Equation 2 
  =
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   () (2/)  
 
• Human toxicity of  material production 
Human toxicity potential of producing each material in the product was calculated in a similar 
way (Equation 3). Data on the LCI emissions of toxicity-inducing compounds were collected 
from ecoinvent for each material, and human toxicity characterization factors were obtained 
from the ReCiPe midpoint LCIA method. These characterization factors are all expressed on a 
per kg 1,4-dichlorobenzene equivalent basis, as this reference compound is a widely known 
toxin.  In both this calculation and in the carbon footprint, the Hierarchist version of ReCiPe was 
chosen, as it is considered to be a consensus model and widely used in life cycle studies. The 
Recipe Midpoint indicator scores express the relative severity on an environmental impact 
category [40].   
 
Equation 3 
 ! "# = ∑  ()() ∗  ! "# ()(1,4'/
) 
 
3.2.2.4 End of Life 
 
End of life sustainability metrics focus on the ease and degree to which materials and 
components in the product can be recovered through manual disassembly, the recycling potential 
of a material, and the possible recoverable energy if a material is recycled after disassembly. 
 
• Mass of materials recoverable by disassembly  
 
This is the mass (kg) of singular (non-composite) materials recoverable by basic manual 
disassembly. This metric is approximated by counting all of the distinct singular materials that 
can be removed by disassembly, whether or not a recycling infrastructure or secondary market 
exists.  
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• Recycling potential 
While each singular material can conceivably be recycled, the realistic likelihood of that material 
re-entering the supply chain is a function of its recycling rate, which depends on available 
technology, economic incentives, and existing recycling infrastructure.  The U.S. average 
recycling rate for each material contained in the product was collected from the ecoinvent 
database, specifically the durable goods materials waste scenario in the U.S. Using the recycling 
rates shown in Table 23, the recycling potential of a material can be estimated using equation 4.  
 
Equation 4   
("#" ) = ∑  "* # +# ()() ∗
"#"  () (%)  
 
Table 23 U.S. Material recycling rates 
U.S. 2006 recycling rate data Material % 
Recycling steel and iron/RER U Ferro metals 29.1 
Recycling steel and iron/RER U Steel 29.1 
Recycling non-ferro/RER U Non-ferrous 71.5 
Recycling mixed plastics/RER U Plastics 6 
Recycling PE/RER U Polyethylene 6 
Recycling PET/RER U Polyethylene terephthalate 6 
Recycling PP/RER U Polypropylene 6 
Recycling PS/RER U Polystyrene 6 
Recycling PVC/RER U Polyvinyl chloride 6 
Recycling rubber and leather/RER U Rubber-silicone 16 
Recycling textiles/RER U Textile 12.2 
 
• Recoverable energy  
 
In the same way that materials can be recovered by recycling, the embodied energy contained in 
those materials can also be recouped to avoid extraction of new virgin resources. Here, the CED 
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potentially recovered by recycling of materials designers can change is calculated as a function 
of the mass of singular materials separable through disassembly, the recycling rate for each 
material, and the material-specific CED.  While this estimate does not include potential energy 
consumed during the recycling process, it does provide a prioritization of materials for which the 
most energy input can be offset by recycling. Material CED was calculated as described 
previously and used in equation 5. 
 
Equation 5  
 )# "*+ = ∑  "* # +# ()() ∗
"#"  ()(%) ∗   ()(/) 
 
• Level of disassembly 
 
The level of disassembly possible for the product depends on the ease with which a product can 
be taken apart for recycling. This qualitative measure depends on the tools used for the 
disassembly, the type and amount of joints, and separation of external parts. The six heuristics, 
adapted from information provided in the literature and product design guidelines [23] are used 
to assess the level of difficulty of disassembling the reference product and the three re-designs.  
 
Rules:  
1. Use of common hand tools: screw drivers, pliers, knife  
2. Minimum or non-adhesive holding covers 
3. Standard fasteners for an assembly or component 
4. Less than six standard screws for external parts 
5. Easy access to parts  
6. Easy external and internal component separation 
 
Once the rules are applied to evaluate the disassembly procedure, the level of difficulty can be 
rated as easy, moderate or difficult, according to the number of rules met.  
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Level of difficulty:  
Meet all rules = easy disassembly 
Meet at least 4 rules=moderate disassembly 
Meet less than 4 rules=difficult disassembly 
 
All of the metrics described above were applied first to the baseline product and then to each of 
the redesigned solutions. 
 
3.3 Application of Design for the Environment tools  
 
This section explains the operation of each of the three DfE tools and describes the step-wise 
process in which the tools are applied to the electronic product, with results leading to 
sustainability oriented re-design solutions.  
 
The three selected DfE tools were helpful in highlighting issues and making goals visible to 
practitioners, however they do not define solutions. Expertise of the design practitioner on 
regular design aspects, confidence on the recommendations of the tools, and a level of expertise 
or knowledge of DfE are the most critical criteria to translate findings to environmentally sound 
solutions. In this section, the challenges identified by the tools were combined with expertise of 
the thesis author, which led to the development of tables that translate tools’ finding to 
sustainability solutions and design strategies. In order to find specific information or make a 
decision, multiple resources were consulted such as engineering, material and DfE books, 
guidelines, and scholarly literature. 
 
3.3.1 Eco Materials Advisor (EMA) 
 
• Use of EMA 
 
EMA is an expert system of Autodesk Inventor [41] that uses a computer-generated model to 
evaluate the environmental impacts of a product based on physical properties of assigned 
materials. The application of the tool starts with the 3D modeling of the parts to be assessed. 
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After modeling the parts, the mass (kg) is assigned in the physical properties drop down menu 
and, if desired, a temporary material selected from the Inventor database. However, for the 
environmental assessment using EMA, materials must be assigned from the Granta database, 
which is part of the EMA and provides scientific data about burdens of materials based on 
physical properties.  A part is selected and then a materials chosen from any of the two Granta 
databases, the typical materials list and a more complete and specialized universal list of 
materials. In addition, information of production processes and finishes linked to each resource is 
available for quick selection. Having input all relevant data, EMA calculates the actual 
environmental loads of the product. Applying the tool generates two sets of results. First, the 
product energy usage and carbon footprint across each life cycle stage.  Second, the potential end 
of life treatment of parts and the energy usage, carbon footprint, water usage, and cost per 
component. The two set of results are the product of choosing and assigning particular materials 
to parts, therefore, it is critical to assert in material selection.  
 
• Product redesign following EMA recommendations 
 
EMA helps identifying the components that contribute the most environmental impacts from the 
Bill of Materials (BOM) and the life cycle stage(s) with the highest burdens. Both parts and 
stages become the target for redesign. For this project, the target parts are only those a product 
designer can modify. Having identified the target parts, a table to guide design decisions in the 
basis of EMA assessment criteria is developed. This table allows documenting the findings of the 
assessment, give solutions, and propose design changes. 
 
The redesign changes were determined using EMA to find substitute materials with lower 
environmental impacts. The parts to re-design were assigned different materials for comparison 
in order to select the option with the greenest results. The comparison requires the original 
product set as baseline design and new materials selected for re-designed parts evaluated to 
compare the net reduction or increase in environmental impacts. Three different sets of re-design 
options were proposed and compared to the baseline design in order to find the optimum set of 
materials. Concurrent with design features changes; EMA materials assessment guided the re-
design and development of the new product and BOM.  
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3.3.2 Design for the Environment matrix (DfE) 
 
• Application and use of tool 
 
DfE matrix is a theoretical tool [42] that determines the environmental impact of a product by 
asking 100 questions about the effects of product design throughout the product’s life cycle. The 
questions encourage design practitioners to consider potential environmental impacts caused by 
pre-manufacture, manufacture, packaging and transport, use and disposal of the product. The 
matrix allowed semi-quantitative analysis of environmental concerns at each life cycle stage to 
identify priorities to be addressed during the re-design. This tool is used to evaluate the product 
environmental concerns using the matrix questionnaire and answering yes or no to each question. 
Each question has a pre-defined point value scale between 0 and 5 associated with yes, no, and 
“partial” yes answers. Yes answers (5 points) indicate high compliance with environmental 
guidelines, while no (1 point), partial (3 points), and unknown or no answer (0 points) show 
opportunities for improvement.  
 
Once all applicable questions were answered, all numerical values per question were summed to 
obtain total environmental points at each life cycle stage. Then, the points were input to the 
matrix and all rows and columns were summed to calculate each life cycle phase impact and the 
total product impacts. The specific environmental parameters that scored less than 5 and the 
stages that totaled less than 25 points were all addressed during the re-design. A greener design 
should obtain 100 points if no pre-manufacture criteria are evaluated and 125 including pre-
manufacture.  
 
It should be noted that some of the manufacture and end of life DfE matrix questions associated 
to energy usage could not be answered given the expected knowledge and information access of 
a typical designer. These sections, including premanufacture, packaging and transport were 
excluded from analysis and from the total possible points. 
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• Product redesign following DfE recommendations 
 
The focus of the re-design using this tool was to address the environmental concerns and life 
cycle stages that scored farthest below the maximum points. A table including the target stages 
and concerns was developed to help determine design changes. This table helps sustainability 
and design practitioners documenting findings and proposing solutions and design changes that 
improve the environmental performance of the product. Using these results, the design changes 
were applied to the original design and a new BOM and model were developed. The new design 
is re-evaluated using the same questions asked at the beginning of the analysis to verify 
environmental improvements of the product as assessed with the DfE matrix tool. 
 
3.3.3 Electronic Product Environmental Assessment Tool (EPEAT) 
 
• Use of EPEAT 
 
The EPEAT 1680.1 standard is a widely adopted standard for environmental assessment of 
personal computer products, including notebook personal computers, desktop personal 
computers, and personal computers displays. EPEAT is comprised of required and optional 
criteria that address use of sensitive materials, material selection, design for EOL, product 
longevity, energy conservation, EOL management, corporate performance and packaging. This 
standard requires products conform to 23 required criteria for Bronze, the basic certificate level, 
at least 14 of the optional criteria for Silver, and all optional for gold, the highest level [37]. 
Specified in the EPEAT 1680.1 standard the distribution of the mandatory and optional 
requirements is as follows: 
1. Reduction/Elimination of Environmentally Sensitive Materials (3 required; 8 optional) 
2. Material Selection (3 required; 3 optional) 
3. Design for End of Life (5 required; 6 optional) 
4. Product Longevity/ Life Extension (2 required; 2 optional) 
5. Energy Conservation (1 required; 3 optional) 
6. End of Life Management (2 required; 1 optional) 
7. Corporate Performance (3 required; 2 optional) 
8. Packaging (3 required; 4 optional) 
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The evaluation matrix includes only EPEAT criteria applicable to the product under study and 
aspects that the designer can change. Packaging and corporate criteria are excluded from the 
assessment because no data are available for the reference product. Each criterion is evaluated on 
a yes/no basis. Counting the number of required and optional criterion complied with (as 
indicated by “yes” responses) determines whether the product meets EPEAT certification 
requirements and at what level. The negative answers obtained in this step are opportunities for 
design changes that improve environmental performance, with particular emphasis on required 
criteria that are not yet met.  
 
• Product re-design following EPEAT recommendations  
The re-design was an opportunity to increase the number of EPEAT requirements that the 
original design did not comply. As the designer aimed for gold, the highest EPEAT certificate 
level, the focus of the re-design was to conform to all required criteria and all the optional 
criteria.  However, the set of optional rules included aspects that are off the designer’s hands. 
Therefore, the product designer focused on meeting the optional guidelines of the categories a 
designer can change, materials selection, and design for EOL and product longevity. For the 
remaining categories of the standard and when there was no technical information needed, the 
rules were assumed as met if the purpose was the highest EPEAT certificate. Packaging and 
corporate remained outside the scope of the redesign as in the assessment of the original design. 
To integrate the EPEAT guidelines, the designer added them to the design specifications that 
manufacturers and suppliers must meet. If there were no constrains of data that leave out sections 
the product could obtain the highest level of certificate. 
 
3.4 Second application of Sustainability metrics 
 
The last step of this methodology is the re-application of sustainability-based metrics to evaluate 
the changes in environmental impact, resulting from redesign recommendations of each 
EcoDesign tool. The new BOM developed for each re-design was used as the basis for re-
applying the metrics to find the changes in environmental burdens. For the second application of 
the metrics, the same data from ecoinvent LCI used in the first application of the metrics were 
used to estimate the energy demand, carbon emissions, toxicity, and recycling rates of the new 
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designs. Similarly, the disassembly procedure was re-evaluated to determine how difficult it is to 
separate the components with common tools.  
 
3.5 Results 
 
3.5.1 Original design outcome 
 
The outcome of the design activities is a tablet device for young adults that increases 
connectivity and improves productivity. According to electronics demand and disruption [43], 
tablet devices are expected to have the fastest market growth in the next coming years. 
Therefore, testing the methodology developed in this project on electronics with expected market 
growth is critical to evaluate how effective are the DfE tools available to sustainability and 
design practitioners to actually reduce environmental impacts of many types of electronics, as 
well as other products.  
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Figure 4 Baseline tablet 
   
 
Following design specifications (Table 21) and using the BOM of a reference tablet (Appendix 
1), the resulting product is a tablet device with a cover attached to the device by a nylon hinge 
that allows the cover to flip open to support the screen; the cover contains a detachable silicone 
keyboard for typing when using the device as a screen.  The device has a 9.7” screen and 
measures (W*H*D) 8” (221mm), 5” (138mm), and 0.5” (12mm) (Figure 4).  
 
The resulting BOM (Table 24) is developed with the guidance of the materials content, mass and 
components of the BOM of the disassembled tablet (Appendix 1). The new tablet device weighs 
983g distributed in metals, plastics, glass, mixed materials, and silicone as shown in Figure 5. 
Metals are mostly present in the internal structure and electronic components; plastics made the 
external enclosures and small internal components; glass is used for the screen; mixed materials 
are used for internal parts like PCB; and silicone is used for the flip cover. 
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Table 24 Original design BOM 
Material Mass (kg) Mass % 
Aluminum 0.087 9% 
Secondary Aluminum 0 0% 
Steel 0.076 8% 
Secondary Steel 0 0% 
Magnet 0 0% 
Copper 0.006 1% 
Acrylonitrile Butadiene Styrene (ABS) 0.120 12% 
Poly carbonate (PC) 0.114 12% 
Polypropylene (PP) 0.063 6% 
Nylon 0.005 0% 
Silicone 0.155 1% 
High-density polyethylene(HDPE) 0 1% 
Polyvinyl chloride (PVC) 0.006 16% 
Light Emitting Diode (LED) screen 0.175 18% 
Printed Circuit Board (PCB) 0.055 6% 
RAM 0.070 7% 
Li-ion battery 0.050 5% 
Total 0.983 100% 
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Figure 5 Material distribution of 
 
3.5.2 Results from applying sustainability metrics to original design
 
The actual application of the sustainability metrics focuses only on the parts a product designer 
can change, not those constrained by the
circuit board). Thus, a simplified BOM (Table 
modify is used during the metrics application. Weighing 
the total BOM of the product with plastics being the highest mass by weight. 
 
Table 25 BOM parts product designer can change
Secondary Aluminum
 
18%
  Golisano Institute for Sustainability
 Rochester Institute of Technology
product 
 
 
 supply chain or by technological demands (e.g., printed 
25) containing only the materials a designer can 
0.620kg, these parts account for 63% of 
 
 
MATERIAL MASS kg 
Aluminum 0.087 
 0 
Steel 0.076 
Secondary Steel 0 
Magnet 0 
ABS 0.120 
PC 0.114 
PP 0.063 
Nylon 0.005 
Silicone 0.155 
TOTAL 0.620 
17%
46%
18%
1%
Material distribution
Metal
Plastic
Ceramic/glass
Other/mixed
Rubber/silicone
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Table 26 contains the sets of data from ecoinvent LCI used throughout the first and second 
application of the metrics.  
 
Table 26 Data used during the metrics application  
MATERIAL8 CED9/kg 
kgCO2/kg 
GHG10 
kgCO2/kg 
RECIPE11 
HUMAN 
TOXICITY12 
kg 1,4 DB 
eq/kg 
Aluminum 194 12.4 12 5 
Secondary Aluminum 8 0.5 0.42 1.2 
Steel 73 5 4.4 2.5 
Secondary Steel 68 4 4 3.6 
Magnet 156 9.5 9 5.8 
ABS 99 4.4 4.4 0.13 
PC 108 7.8 7.8 0.6 
PP 75 2 2 0.20 
Nylon 137 8 8 0.08 
Silicone 91 2.8 2.7 0.84 
 
3.5.2.1 Results from materials content metrics 
 
The first set of results from the application of the metrics is concerned with the material content 
of the product.  In this regard, the metrics measure primary and secondary material use and 
                                                          
8
 Energy usage, carbon foot print and human toxicity of material processing from Ecoinvent data from SimaPro 7.3 
9
 CED of materials processing from Cumulative Energy Demand Method in SimaPro 7.3 
10
 Carbon footprint of material processing from Cumulative Energy Demand Method in SimaPro 7.3 
11
 Carbon footprint of material processing from ReCiPe Midpoint in SimaPro 7.3 
12
 Human toxicity of Recipe Midpoint in SimaPro 7.3 
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diversity of resources consumed. 
can change is made up of primary thermoplastics, thermo set and metals resources (Figure 
the original design, there is no content of secondary material. 
 
Figure 6 Primary material content 
 
Continuing with the material metrics, two of them measure the number of dissimilar single 
materials that can be recovered through disassembly and the number of dissimilar composite 
materials that cannot be recovered through d
other end of life treatment such as mechanical recycling to allow material separation. 
the only composite material in the 
than 1% of metal for its structure and electronics in the keyboard that cannot be easily separated 
from the silicone through first disassembly with common tools
single materials (Table 27) and 4 composite materials (Table 
through disassembly. These results mean that these 9 materials are easily separable and could 
potentially reintegrate to the supply chain, reducing the demand for virgin resource. In contrast, 
the dissimilar materials are only 4 but they
resources that require additional treatment after being disassembled. They need to be easily 
removed and recovered for appropriate substance and resource management. The silicone is the 
only material that a designer can directly change to make it a single
 
0.00
0.05
0.10
0.15
0.20
kg
Primary material content
  Golisano Institute for Sustainability
 Rochester Institute of Technology
Material metrics show that the 0.620kg of material designers 
 
 
isassembly alone. The latter is considered to require 
BOM a designer can change because the case contains more 
.  In total, there are 
28) that cannot be recovered 
 are the largest parts by mass and contain mixed 
 recoverable material.
Material content
Aluminum
Steel
ABS
PC
PP
Nylon
Silicone
 
 
88 
6). In 
 
Silicone is 
9 dissimilar 
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       Table 27 Dissimilar single materials            Table 28 Dissimilar composite materials 
Dissimilar single materials  Dissimilar composite materials¹ 
Aluminum ABS LCD materials (screen) 
Steel  PC PCB materials (motherboard, RAM) 
Copper in wiring PP Silicone (support and keyboard) 
PVC Nylon Li-ion battery materials 
HDPE  
 
¹These are components that a product designer does not design and control  
 
3.5.2.2 Results from cumulative energy demand metric  
 
The next metric assesses the Cumulative Energy Demand (CED) of the product, focusing on the 
parts and materials product designers can change (Table 25). For the 10 materials assessed, 
metals had highest energy demand. Although primary aluminum is not the largest part by mass, 
the results show that it has the highest cumulative energy demand of the BOM (Table 29). The 
17 MJ demanded by the 0.087kg of primary aluminum are mostly consumed during the 
extraction of the resource. Therefore, even if the mass of aluminum is not the biggest of the 
BOM, the use of primary resource will increase this material CED. In contrast, silicone is the 
second highest CED because it is the largest mass of the BOM.  Additional resources that require 
attention are ABS, because it is the second largest mass, and PC, because it has the third highest 
CED (Figure 6).  
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Table 29 CED of materials 
Material 
Aluminum 
Secondary Aluminum
Steel 
Secondary Steel
Magnet 
ABS 
PC 
PP 
Nylon 
Silicone 
Total 
 
Figure 7 CED of materials designers can change
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Mass (kg) MJ/kg 
CED 
(MJ) 
0.087 194.1 17 
 0 8.32 0 
0.076 73.39 6 
 0 68.273 0 
0 155.99 0 
0.120 99.3 12 
0.114 108 12 
0.063 75.1 5 
0.005 137.2 1 
0.155 91.3 14 
0.620 66 
 
Materials
Silicone
Nylon
PP
PC
ABS
Steel
Aluminum
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3.5.2.3 Results from Emissions metrics application 
 
• Carbon Emissions 
 
ReCiPe and Greenhouse Gas Protocol were the two methods applied to provide carbon footprint 
data for the product. The transformation of 10virgin resources of the materials that designers can 
change releases 3.43 Kg of CO2eq according to the GHG Protocol and 3.39 Kg of CO2eq to 
ReCiPe.  Table 30 shows the individual carbon contributions per resource headed by aluminum, 
which emits the largest CO2 amount per kg of primary resource produced. The second and third 
largest carbon emissions are released from the production of PC and ABS. After aluminum, PC 
releases the second highest CO2 emissions per kg of primary material due to its presence in large 
components of the product i. In contrast, silicone, the largest part by mass, did not produce the 
largest carbon footprint (Figure 7). 
 
Table 30 Carbon emissions original design 
 
Material Mass (kg) CO2 GHG Protocol  
CO2 
ReCiPe  
Aluminum 0.087 1.07 1.06 
Secondary Aluminum 0 0 0 
Steel 0.076 0.34 0.34 
Secondary Steel 0 0 0 
Magnet 0 0 0 
ABS 0.120 0.53 0.53 
PC 0.114 0.89 0.89 
PP 0.063 0.12 0.12 
Nylon 0.005 0.04 0.04 
Silicone 0.155 0.43 0.41 
Total 0.620 3.43 3.39 
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Figure 7 Carbon footprint original design (Method: Greenhouse Gas Protocol)
 
 
• Human Toxicity 
 
Human toxicity results were obtained using data from the ReCiPe Midpoint
method in SimaPro. Using midpoints
converted into the potential for human 
 
Assessing the materials of parts de
of 0.85 kg-DB eq from compounds released during material processing, 
steel and silicone (Table 31). The extraction and processing of aluminum and steel require high 
inputs of electricity, which is a major driver of toxicity due to the release of heavy metals during 
coal combustion, and these materials have high toxicity scor
masses in the product. Unlike metals, plastics release compounds with t
human toxicity (figure 6). ABS and PC, the second and third largest mass content, have very low 
human toxicity potential.  
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Table 31 Human Toxicity Potential
MATERIAL 
Aluminum 
Secondary Aluminum
Steel 
Secondary Steel 
Magnet 
ABS 
PC 
PP 
Nylon 
Silicone 
TOTAL 
 
Figure 8 Human toxicity potential by material
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MASS kg 
TOXICITY 
POTENTIAL kg-DB eq
0.087 0.44 
 0 0.00 
0.076 0.19 
0 0.00 
0 0.00 
0.120 0.02 
0.114 0.07 
0.063 0.01 
0.005 0.00 
0.155 0.13 
0.620 0.85 
 (Method: Greenhouse Gas Protocol)
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3.5.2.4 Results from end of life metrics  
 
Table 32 shows the results of four EOL metrics: recoverable mass of materials claimed from first 
disassembly, the recycling rate, recycling potential mass and CED potentially recovered. 
Table 32 EOL metrics results 
 
MATERIAL RECOVERABLE MASS kg 
RECYCLING 
RATE % 
RECYCLING 
POTENTIAL 
MASS 
CED (MJ) 
POTENTIALLY 
RECOVERED  
Aluminum 0.087 71.5 0.062 12 
Steel 0.076 29 0.022 1.22 
ABS 0.120 6 0.007 0.72 
Nylon 0.005 6 0 0 
TOTAL 0.288 N/A 0.091 13.94 
 
• Material recovery through disassembly 
 
Material recovery through manual disassembly is the mass of the singular materials that can be 
recovered from the BOM designers can control. In some cases, the same materials are present in 
other components as composite or as parts that cannot be disassembled, and these are not 
included here. The materials reported here (Table 32) are those that can be directly recovered 
from first disassembly of the product. Disassembling the product, of the 9 dissimilar singular 
materials four were recoverable materials. Aluminum, steel, ABS and nylon can be removed 
from the biggest parts by mass and have no other resource attached. Claiming these four 
materials yields a mass recovery of 288g out of the 620g of total mass from the BOM designers 
can change.  
 
• Recycling potential 
 
Recycling potential is the mass of the four materials completely recoverable through disassembly 
on the basis of the U.S. materials recycling rate. Consulting Ecoinvent U.S. materials recycling 
rate, it was found that aluminum and steel have the highest recycling potential of the recoverable 
materials in the BOM. Table 32 shows the recycling potential of the kg of each of the four 
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dissimilar single materials. The results mean that of the 0.087 kg of primary aluminum in parts 
recovered through disassembly, up to 0.062kg can be recovered and reintegrated into the supply 
chain, reducing the energy demand and associated carbon footprint and human toxicity potential 
of processing virgin aluminum.  
 
• Recoverable energy  
 
Cumulative energy demand potentially recovered is the recoverable energy from the four 
materials recycled through disassembly. The high recycling rate of aluminum allowed this 
material to have the highest potential for energy recovery despite its large energy demand for 
processing. This means aluminum is the number one material target for recycling through 
disassembly (Table 32). 
• Considering the original product design, the level of disassembly of the product is assessed to 
be “difficult” because it only meets two of the six rules for an easy disassembly.
1. Use of common hand tools: screw drivers, pliers, knife  
2. Minimum or non-adhesive holding covers 
3. Standard fasteners for an assembly or component 
4. Less than 6 standard screws for external parts 
5. Easy access to parts  
6. Easy external and internal component separation 
 
Rule 1 and 3 are the only ones met by current design. The product can be disassembled with 
common tools like screw driver, knife and pliers, but the covers are glued together and additional 
effort is required to detach the components. If this is not carefully done, the covers and the 
screen can be damaged and broken. Thus, the parts are not easy to access and components are 
hard to separate. Although standard fasteners are used to hold external covers together, there are 
more than 6 tight external screws that need extra time and effort to be removed. So far, current 
design does not meet rules 2, 4, 5, or 6 for an easy disassembly. Despite effort and extra time can 
help separate external parts, this step should be as easy as possible to be able to quickly recover 
internal valuable components and materials for recycling or reuse.   
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3.5.3 Results from the application of EcoDesign tools 
 
This section presents the results of assessing the tablet’s environmental impacts using the 
EcoDesign tools EMA, DfE Matrix and EPEAT. The application of the tools yields quantitative 
and qualitative outcomes that guide the re-design decision-making process. Next, these results 
are linked with proposed strategies for improving product sustainability scores, which are then 
translated into concrete redesign solutions and product modifications. 
 
The re-designs are defined following two considerations, first, the DfE tool’s recommendations 
and second, a designer’s perspective, in which maintaining or even improving user experience is 
a priority.  These two considerations are taken into account so that the new designs meet or 
exceed the need for improved connectivity and enhanced productivity. It is important to 
understand how the re-design changes proposed to implement sustainability solutions affects the 
user experience and the design intent. To do so, the user scenario is defined and observations of 
how it changed with every new design are included in each tool re-design. The cost and user 
perception about the product may change as a result of new materials and design features. 
However, the use, performance, reliability, and quality should remain at least as good as the 
original design. The user scenario defines the product as a tablet device easy to operate and carry 
to be used for web surfing, image displaying and writing. It costs between $ 200- 250 targets 
adult users that need on the go electronics for work activities. The user of this device prefers a 
product that is fast, reliable, enables fast and precise typing and looks durable but stylized.  After 
the re-designs, the designer can only tell how the user scenario may or may not change but the 
user experience remains as a topic of interest to validate the sustainability solutions. It is 
recommended that additional studies evaluate the impact on the user scenario and experience. 
This can be done using prototypes and interviewing end-users to collect user experience 
feedback. 
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3.5.3.1 EMA assessment results
 
The EMA tool reports results in terms of the 
and treating a material at the end of 
and use, but these phases are outside this project scope
reference, the tool is only applied to parts prod
indicate the energy demand, carbon emissions, water usage, and cost in US $ per product life 
cycle stage and component.  
 
Figure 9 Life cycle energy usage
 
 
Results in figure 9 show the energy consumption across the life cycle stages
processing, production and EOL.  EMA 
recycled in a closed loop back into productive use according to industry average
which results in a “credit” in the EOL stage. This credit 
is reduced due to the benefits of avoiding the production of virgin materials
the materials in the product. Thus, the cu
given to the materials assumed to be recycled at the end of life. 
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However, the variability of the material condition
considered in the tool and this can significantl
It is recommended that the upstream energy demand 
results.  
 
Considering upstream processes, the product requires 
and 1MJ (11%) due to materials 
the energy intensive resources during material processing will decrease the product life cycle 
impacts.  
 
Figure 10 Life cycle energy usage per component
 
EMA results also disaggregate energy demand by part across each life cycle phase.  The silicone 
support is the part that consumes the highest energy during material processing and the second 
highest during manufacture (Figure 
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whole assembly in the product. The keyboard goes onto the silicone support and is detached 
when the user desires. Its end of life credit is small and the content of electronics will restrain 
any opportunity of reclaiming the silicone material. The nylon hinge goes through the upper edge 
of the cover and support joining them and allowing flipping the cover. This part can be recovered 
and reprocessed as is but it is a small mass compared with the other parts of the assembly. 
Therefore, the silicone support and appended components are targets for redesign as this whole 
assembly consumes the most energy across the product life cycle. Another part to target is the 
back cover because it consumes the second highest energy during processing and is the third 
component with higher energy demand of the BOM materials designers can change (Figure 10).  
 
In contrast to the results of applying the metrics, EMA results indicated that metals are not 
considered target materials because their high recyclability at the end-of-life reduces the need for 
virgin materials and subsequently reduces the overall life cycle impacts.   Therefore, materials 
with poor EOL recovery are often ranked as more energy demanding, while materials with high 
EOL recovery are lower priority for substitution. This is the case of aluminum; the higher EOL 
credit assigned by EMA to aluminum reduced its total life cycle impact, removing this material 
from the list of stressor resources determined by EMA. This credit is based on industrial 
recycling practices that indicate aluminum as highly recyclable. Despite the high recycling 
potential for aluminum, the average recycling rate may be lower than what EMA uses in its 
determination, due to low collection rates or use of aluminum in products that are difficult to 
disassembly and recycle. For example, consulting the database ecoinvent in SimaPro 7.2 for the 
US recycling rate of consumer goods showed the material condition is one of the factors that 
varies EOL rate, reducing the amount of material collected for reprocessing and requiring 
additional virgin material. 
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Figure 11 Carbon emissions of the product life cycle
 
 
 
The carbon emissions results indicate material processing emits the most kg of CO2 of the three 
life cycle stages assessed. The amount of carbon emitted only du
accounts for 78% of the life cycle emissions (Figure 
emits the highest kg of CO2 is the silicone support, which is also the highest contribution of CO2 
by component (Figure 12). Of the 
the support assembly are identified in the top contributions of carbon per life cycle and 
component.  Adding the CO2 emissions to the cumulative energy demanded by the support 
assembly are major reasons to target this assembly for redesign.
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Figure 12 Component life cycle carbon emissions
 
The plastic back cover is another candidate for change because it releases the most CO2 during 
manufacturing, is the third highest carbon emitter during ma
produces the second highest footprint (Figure
identified in figure 11 will help improve the overall environmental performance of the product. 
The front cover contributes the fou
(Figure 13); it consumes the fourth highest MJ during material processing and by part
12-13). Thus, this third largest part by weight is a candidate for design changes. 
 
Figure 13 Component carbon emissions
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In addition to energy consumption and carbon emissions, Table 33 shows other impact indicators 
that reiterate prioritization of the silicone support assembly as the first candidate for change. The 
silicone support and nylon hinge contribute most to the liters of water consumed during material 
processing. Moreover, the cost of processing 1kg of silicone to make the support and keyboard 
exceeds the cost of any other component.  
 
Table 33 Other impacts indicators 
 
Water usage Cost 
Component Total L Component Total $ 
Nylon hinge 3.5 Silicone support 0.1 
Silicone support 2.5 Keyboard in silicone case 0.024 
Back cover 1.2 Back cover 0.023 
Front cover 0.73 Nylon screw 0.018 
Keyboard in silicone case 0.59 Front cover 0.013 
 
 
Table 34 EOL fate by component 
 
Component End of life 
Back cover Recycle 
Front cover Recycle 
Structural steel Recycle 
Screen plastic parts Recycle 
Speakers (PP) Recycle 
Wiring (HDPE) Recycle 
Screen Al structure Recycle 
PCB Al structure Recycle 
Wiring (Copper) Recycle 
Camera Recycle 
Nylon hinge Down cycle - reprocessing 
Screen display (PC) Down cycle - reprocessing 
Wiring PVC-U shape Down cycle - reprocessing 
Keyboard in silicone case N/A 
Silicone support N/A 
PCB N/A 
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According to the EMA results, the EOL assessment indicates three treatment options for 16 
parts: 10 can be recycled, 3 can down cycled into other products or processes and for 3 the EOL 
treatment does not apply. Table 34 presents the recommendations from EMA to manage the eol 
of different parts. This table shows all materials in the product, with parts designers can change 
highlighted in gray.  From the parts identified for recycling, the covers have a low recycling rate 
of 6%, which may be even reduced by finishes or material condition at the end of life.  
 
As EMA cannot differentiate every particular material condition, the tool makes the best 
recommendation in the basis of material properties and current industry practices. However, 
current design limits the EOL route suggested for some parts. Therefore, the designer should 
ensure the product attributes will allow parts to be managed as recommended to reduce eol 
repercussions. An example is the eol fate assigned to the silicone keyboard and support. They are 
highlighted for combustion because it seems the best treatment but there are other disparate 
materials contained in the silicone parts, which are unknown for the EMA tool, making the EOL 
fate inapplicable.  On the contrary, the only part that can be claimed and treated as recommended 
is the nylon screw because simple attributes and material purity allow recovery for down cycling 
and reprocessing. 
 
Using EMA, the designer found environmental issues associated to the set of materials analyzed.  
Once the findings revealed the parts, materials and the life cycle phases that are of concern, the 
sustainability practitioner determined solutions at the product level to reduce the footprint of the 
product. Next, the sustainability solutions were integrated by the product designer, who specified 
physical attributes and design features that incorporated the solutions. In Table 35 below there 
can be seen that for a finding, there is a sustainability solution and a redesign change that 
implements the solution.  
 
The re-design changes were proposed on the basis of the designer knowledge about design of 
electronics, product composition, materials, and DfE.  In addition to experience designing 
electronics, the designer consulted material engineering books and design for the environment 
books that showed best use of materials and DfE solutions other practitioners have taken. The 
designer specified candidate materials that could substitute the stressor resources, material 
engineering books were consulted to find the use of these materials, possible finishes, and 
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engineering properties [81, 82]. The books helped to take informed decisions and choose the 
materials that could meet the desired performance and characteristics. Candidate materials that 
could increase product cost, constrain desired finishes, and impact the quality, reliability, and 
performance were discarded from the designer’s list. This exercise was done for all the target 
materials and parts.  
 
The other approach was the definition of design features that implemented the sustainability 
solutions. Expertise in product design, observation to mechanisms and parts of other electronics 
like tablets, computers, handheld video games and DfE books [16, 46] guided the new design 
features. An example is the change of the joins that for the original design were mainly 
adhesives, different types of screws and tape. The resources suggested to standardized joins and 
reduced the amount of screws that increase the disassembly time. They also favor the use of 
standard screws of a locking mechanism that substitute adhesives for bigger parts because they 
could be easily detached and repurposed or recycled. 
 
 
 
 
 
Thesis MS in Sustainable Systems    Golisano Institute for Sustainability 
Ana Maria Leal Yepes  Rochester Institute of Technology 
105 
 
Table 35 Redesign recommendations from EMA findings 
Life cycle Concern Findings Solution Design change 
Manufacture Energy The highest energy demand of 
the product life cycle is from 
material processing.  
Redesign to minimize 
mass. 
Use secondary materials. 
Design for material 
recovery. 
Remove glue of covers. 
Remove front cover. Add support to 
tablet’s back to replace silicone 
support.  
Add secondary aluminum and steel in 
internal structures.  
Eliminate enclosed keyboard in 
silicone case. 
Add standard fasteners for disassembly. 
The first and second highest 
energy demanding parts 
designer can change are: 
Silicone support  
Nylon screw 
Redesign support to 
remove parts or minimize 
mass.  
Replace silicone support and nylon 
screw by a rear support attached to 
back cover. 
Indent cover to flush support with 
cover surface. 
Attach support with a metallic hinge.  
The third highest energy 
demanding part is the back 
cover. 
Substitute material, if 
energy demand is 
decreased, or reduce 
mass of ABS parts. 
Reduce back cover thickness. Remove 
front plate by back printing 
polycarbonate on the screen to 
delineate front face.  
The screen consumes the most 
energy of the parts designer 
does not change. 
Recover and repurpose 
screen or reprocess 
material. 
Replace glue of covers by fasteners for 
disassembly and add obi to join back 
and front and protect screen edges. 
CO2 The highest carbon emissions 
are from manufacture of 
components with current 
BOM. 
Reduce the # of 
components.  
Use alternative low 
carbon materials or 
reduce mass. 
Remove nylon screw and silicone 
support and keyboard.  
 
Place rectangular support in recessed 
area of back of cover. 
The highest carbon contributor 
part is the silicone support. 
 
Redesign support to 
reduce mass, change 
material or replace 
current form factor. 
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 Water use Aluminum in screen assembly 
uses the most liters of water 
due to material extraction. 
To reduce water usage 
from virgin material 
extraction, use a % of 
secondary aluminum for 
the internal and screen 
structure. 
Use 50 % primary and 50% secondary 
aluminum. 
Use screws for disassembly and Al 
recovery and reduce adhesive from 
screen assembly and internal structure. 
Cost The first and second high cost 
components are: 
Silicone support 
LED Screen 
Redesign support to 
reduce cost. 
Recover screen for 
repurpose or material 
recycling. 
Remove silicone support and add 
support to back cover. Add obi and 
standard screws for disassembly and 
recovery. Add internal locking features 
to protect screen and reduce adhesive 
and glue. 
EOL Recycling Limited recycling of structural 
and large parts by weight due 
to finishes, mixed materials 
and assembly of device. 
Minimize paint and 
coating on plastic parts 
and use darker color to 
increase recycling. 
Use non-mixed materials. 
Design for disassembly. 
Use black ABS for back cover and 
support and texture back for finish and 
better grip. 
Use standard screws for disassembly.  
Add internal structural features to lock 
metal parts reducing adhesive and glue. 
Down 
cycling 
The largest part for recovery is 
the Screen. It can be 
repurposed or its material 
reprocessed. 
Design for protection, 
disassembly and recovery 
of screen. 
Add obi/lateral frame and standard 
screws for disassembly and screen 
recovery. 
Add features along back cover and obi 
to hold/lock screen assembly.  
Combustion Combustion of silicone parts is 
not possible with current 
design that contains disparate 
materials into the silicone 
parts. 
Replace silicone parts 
and preserve 
functionality with other 
design solutions. 
Remove silicone parts and add support 
as part of back cover component. 
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• New design concept following EMA’s recommendations 
 
Figure 14 EMA tablet re-design  
 
                          
 
The new design differentiates from the original in that there are less parts, mass, and diversity of 
materials (Figure 14). It is lighter and slimmer than the original and has a silicone support with 
keyboard join to the body by a nylon hinge. The rear support (1) on the back made of the same 
resin of the enclosure. There are two lateral plates with a wedge shape (2) attaching the back 
cover and front plate. This feature enables easy disassembly of the tablet parts. The width, height 
and screen remains as the original design, 9.7” screen, as the original tablet, and (W*H) 8” 
(221mm) * 5” (138mm). A stylus pen is included with this model to help improve productivity 
and writing tasks.   
EMA re-design changed the product attributes but did not interfere with the intended use. 
Despite this concept eliminates the flip open cover and nested keyboard, it has a support 
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integrated to the back and provides a stylus pen to ease productivity. This new design is 
minimalist, stylish and portable.  
 
Findings from EMA led to removal of the silicone parts, flip open cover and support and nested 
keyboard. However, the functionality of these components was provided by a new support and a 
stylus pen that enhanced productivity. With these changes, the user experience was not impacted 
but improved while the product footprint reduced. Additional usability studies are recommended 
to test the experience and productivity level of using a small silicone keyboard or stylus pen.  
 
The new device has an upgraded BOM generated from the EMA recommendations, which 
includes a reduction of 0.034 kg of primary aluminum and 0.01 kg of PC; addition of secondary 
aluminum for structural internal parts; increment of 0.010kg of ABS but changes in finishes to 
allow recycling. Last, the silicone support assembly was removed and its function met by other 
components. Removing this assembly was the best options because no other material could 
substitute silicone for the desired design results and additional design changes were required to 
separate the components nested inside the support and keyboard, if this remained in the product.  
The new BOM had a reduction in cost because silicone is an expensive material and was used for 
large parts, as these parts were removed the product cost decreased.  
 
The selection of the new BOM was possible by applying the EMA tool to a set of candidate 
resources to find their environmental impacts and choose the optimal option. Three sets of 
material choices for the back cover and front plate were assessed to identify the group of 
resources with the best environmental performance:  
 
Redesign option 1: Aluminum back cover and nested support; PP front cover and side obi/frame 
Redesign option 2: ABS back and nested support and PP front and side obi/frame 
Redesign option 3: ABS back cover and nested support; PMMA side obi/frame; PC front cover 
 
The set of materials selected was redesign option 2 because this set reduces the impacts; the 
materials are present in other components of the product so there is no increase in material 
diversity; and these resources meet design and engineering requirements.  In addition to selecting 
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greener materials, the mass of the product is also reduced from 0.620kg to 0.510 kg for the BOM 
designers can change (Table 36). 
 
Table 36 BOM generated from EMA re-design suggestions 
 
MATERIAL MASS kg 
original design 
MASS kg  
new design  
Aluminum 0.087 0.053 
Secondary Aluminum 0 0.029 
Steel 0.076 0.121 
Secondary Steel 0 0 
Magnet 0 0 
ABS 0.120 0.13 
PC 0.114 0.104 
PP 0.063 0.073 
Nylon 0.005 0 
Silicone 0.155 0 
TOTAL 0.620 0.510 
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Design changes following EMA recommendations result in reduction of environmental concerns 
compared to the original or baseline design. The changes are shown in Table 37. 
Table 37 Environmental improvements of re-design following EMA suggestions 
Concern Baseline New MJ Baseline New CO2 Baseline New 
MJ 4.2 1.4 Processing 7.4 2.1 Processing 0.42 0.11 
CO2 0.3 0.1 Manufacture 0.028 0.4 Manufacture 0.0021 0.03 
L 20 5.2 EOL -3.3 -1.1 EOL -0.12 -0.043 
$ 0.32 0.078 Total 4.2 1.4 Total 0.3 0.1 
 
Table 38 End of life changes with re-design 
End of life Baseline New 
Recycle 10 13 
Combustion 3¹ 1 
Down cycle -reprocessing 3 2 
¹ Combustion is recommended for PCB, silicone support and keyboard but this EOL treatment is 
not applicable to these components. 
 
The end of life outcomes were also improved with the design changes to the device. Table 38 
shows an increase in the number of component that can be recycled and a reduction in parts for 
combustion and down cycling. The design changes including materials and features were 
intentionally proposed to increase the recyclability of the components a design can control.  
 
3.5.3.2 Outcomes from DfE matrix application 
 
The Design for the Environment matrix assessment of the product life cycle presents results in 
terms of environmental impacts due to material and energy consumption and solid, liquid and 
gaseous residues.  The results are numerical scores tabulated from the answers given to the 
assessment questions of the matrix. The maximum (best environmental performance) score 
possible is five points per impact area and 25 points per life cycle phase; lower scores suggest 
actions should be taken to improve the environmental performance of the product.   Table 39 
shows the scores of every environmental concern at the assessed life cycle phases; packaging and 
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pre-manufacture are excluded from the evaluation.  With that exclusion, the maximum total 
score will be 75 points for the product life cycle with the current design scoring 47 out of 75 
possible points. 
 
Table 39 DfE matrix results 
LC stage Concern Score 
 
 
Manufacture 
Materials: type, amount and diversity 2 
Energy use to process materials 2 
Solid residue of materials processing 2 
Liquid residue of materials processing 5 
Gas residue of materials processing 4 
  15/25 
 
 
Use 
Materials: possibility of extending materials life 2 
Energy use during operation of product  5 
Solid residue of broken, non-reparable parts 3 
Liquid residue of operating product 5 
Gaseous residue emitted while in use 5 
  20/25 
 
 
EOL 
Materials: identifiable, separable, sensitive  2 
Energy recovery through material recycling 0 
Solid residue of non-recyclable, mixed and 
difficult recovery of materials 
2 
Liquid residue of disposal of products  5 
Gaseous residue expelled upon disposal of 
product or parts 
3 
  12/25 
Total:  47/75 
 
 
 
The scores in table 39 indicate that the main opportunity to improve scores is to address the end 
of life of the product, because the current design does not allow energy and materials recovery 
and produces mixed solid residues. A total of 12 points out of 25 results from limited 
disassembly and recovery of components and materials and gas emissions from due to disposal 
of mixed resources. The blend of materials limits identification by type and separation of the 
resources that consumed high amount of energy during processing and manufacturing. This 
problem is triggered by nested materials like internal metal structure in the biggest part by 
weight such as the silicone support, which will not be recyclable unless the metal and other 
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materials can be extracted from the silicone. Because the silicone support is one of the most 
energy consuming parts, it should be designed to separate significant portions of the silicone, the 
metal structure, and other materials. Another cause of the low EOL score is the difficulty in 
opening the external cover as adhesive holds it together, limiting disassembly with common tools 
and thus materials and energy recovery.  
 
The next stage to be addressed is manufacture due to concerns in materials, energy, solid and 
gaseous residues. There are diverse, mixed and large amounts of resources in large and small 
components that are difficult to recover. Diversity reduces the significant mass of highly 
valuable materials contained in internal parts. Materials of bigger parts by weight have low 
recovery rates and the mixtures reduce even more the recovery potential. Moreover, there are 
energy intensive materials used for internal parts but the current design prevents the separation of 
the externals to quickly access internal components. The external parts that can be taken apart for 
recovery are not the most energy intensive, while the most energy demanding external 
components cannot be recovered due to mixture of resources. The current design produces solid 
waste during manufacturing because material is cut out from the covers to accommodate the 
nylon hinge that connects the silicone support.  This design feature can lead to high rate of 
imperfect cover pieces adding to the solid waste from scrap and increasing manufacturing losses. 
Although the scrap can be recovered for reprocessing, it is made of low value resin. Thus, a 
greener solution is to avoid the scrap from the beginning. 
 
The use stage scored low in two concerns that are directly related to the product manufacture and 
eol management. The inability to extend material life once the product is disposed of and the 
amount of non-reparable parts that become solid residues are consequences of the material 
content with mixture of resources and the lack of features that enable disassembly for recovery 
and reprocessing or reuse. 
 
The concerns shown in Table 39 are broken down in Table 40 to show the particular causes of 
the problems.  The findings documented in Table 30 are each given a sustainability solution that 
leads to potential design changes for the tablet device. The solutions are particular 
recommendations product designers should follow to solve the problems found at each life cycle 
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stage. Since the designer has many material choices for the target parts, it was important to 
choose the set of attributes that truly improve the environmental performance. To do so, a 
comparative assessment was performed to find the least energy demanding material of all the 
material options for the covers. Two candidate materials for the back cover were chosen in the 
basis of its physical properties and common uses in product design. To select between the two a 
comparative assessment of energy demand in material production using CED LCIA method 
yielded 60MJ for 60g of ABS and 8.3MJ for 60g of secondary aluminum form new scrap. The 
results favor the use of ABS for the back cover from an energy savings perspective. 
 
As in the original design, ABS remains as the material for the back cover. Nonetheless, 
additional design changes are implemented to reduce mass consumption and enable material 
recovery.  This comparative assessment is useful because the DfE matrix results do not indicate 
particular solutions to identify concerns. It is the responsibility of the designer to choose on the 
basis of sound data. Without this additional step, the designer should prioritize which concern of 
the life cycle is the most critical and select the materials that help reduce impacts at that 
particular stage. 
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Table 40 DfE matrix re-design recommendations 
Life cycle Concern Findings Solution Design change 
Manufacture Materials Material production consumes 
the most energy of the life 
cycles. 
The most energy demanding 
materials are: 
PC used in the screen 
ABS used in the covers 
Silicone used in the support 
 
 
Recover mass of PC parts 
in screen. 
Add screws to disassembly product. 
Add internal press fit features to secure 
screen and reduce adhesive. 
Reduce mass of ABS back 
cover and remove front 
face plate/cover. 
Reduce thickness of ABS cover. 
Remove front cover and use back 
printed PC to create screen frame. 
Reduce number and mass 
of silicone parts and 
reclaim material for 
energy recovery. 
Reduce support mass; remove nylon 
screw and separate support from tablet. 
Remove built-in silicone keyboard. 
Absence of secondary material 
content throughout BOM 
Use secondary materials 
for high energy demand 
structural parts. 
Use up to 72% recycled aluminum in 
screen and structural parts.  
Use up to 29% steel for internal 
structure, support structure and 
miscellaneous ferrous parts. 
Large amount of materials 
used. 
Minimize amount of 
different plastics.  
Remove nylon part. 
Lightweight ABS, PC, PP plastic parts.  
Reduce thickness of silicone parts. 
High diversity of materials Reduce plastics diversity.   
 
Redesign support to remove nylon. 
Use ABS for all external parts. 
Use secondary steel for support internal 
structure. 
Energy 
use 
 
The second highest energy 
demand is from manufacture 
of the largest part by weight: 
silicone support. 
Redesign silicone support. 
Reduce primary aluminum 
content. 
Add recycled Al for 
internal structure.  
Replace nylon. 
Allow PC recovery 
through disassembly. 
Lightweight internal Al structure to 
reduce mass. 
Remove nylon from support and attach 
support to upper edge of tablet. 
Allow disassembly for PC recovery and 
screen using standard screws and obi to 
hold parts and reduce glue. 
Thesis MS in Sustainable Systems    Golisano Institute for Sustainability 
Ana Maria Leal Yepes  Rochester Institute of Technology 
115 
 
Life cycle Concern Findings Solution Design change 
Product is not designed for 
energy recovery through 
disassembly and reclamation 
of materials and components.  
Design for disassembly 
and recovery of high 
energy demand parts Al, 
steel, PC in structure and 
screen, and silicone. 
Reduce adhesive along covers. 
Add obi and standard screws for closing 
and quick disassembly of back cover 
and screen. 
Remove nylon screw and separate cover 
Solid 
residue 
Current design increases 
waste/scrap during 
manufacturing. 
Reduce scrap from cut off 
corners of covers to 
accommodate nylon screw 
and silicone support. 
Separate support from tablet. 
Remove nylon screw. 
Support is detachable and fits on upper 
edge of tablet. 
Gaseous 
residue 
Use of high carbon footprint 
materials : 
Aluminum 
Nylon 
ABS 
Reduce Al mass and 
recovery for reprocessing. 
Remove nylon part. 
Decrease ABS mass. 
 
Standard screws and obi for easy 
disassembly and material recovery. 
No nylon screw and detached support. 
Replace front plate for back printed 
frame on PC of screen to reduce ABS 
mass. 
Use Materials 
 
Product is not design for 
disassembly, upgrade/repair, or 
reuse of components. 
Design for disassembly 
aiming parts and materials 
recovery. 
Replace adhesive closing of back and 
front enclosure by obi and two standard 
screws at each side. 
Reduce adhesive of screen assembly for 
easy recovery and reuse. 
External parts that may break 
not available for replacement 
by user. 
Attached support to tablet 
restricts replacement by user if 
keyboard breaks. 
Make external parts 
available for replacement: 
Speakers cap 
Buttons  
Independent silicone 
support  
Press fit feature to replace parts. 
Separate support from tablet by 
removing nylon screw and wrapping 
support around upper corners of tablet.  
Keyboard as accessory 
External components contain 
barriers for recycling. 
Minimize paint, fillers, 
blends, different resins 
and colors or make parts 
easy to separate. 
Mold cover and obi in black ABS.  
Mold in texture on back cover for finish 
and grip. 
Solid 
residue 
Product is not designed for 
reuse or recovery.  
Design for disassembly 
and recovery. 
New external enclosure with back cover, 
obi and screws for disassembly. 
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Life cycle Concern Findings Solution Design change 
EOL Materials 
 
 
Materials are difficult to 
separate through disassembly 
and identify by type. 
Mark plastic parts >15g. 
Use non-mixed materials. 
Add fasteners for 
disassembly of covers. 
Mold in resin plastic type number. 
Use plain ABS for back cover and 
internally reinforce with perforated steel 
structure.              
Valuable and energy intensive 
components and materials 
present but difficult to recover. 
Design for recovery 
through disassembly.  
Replace glue along covers by standard 
screws and obi. 
Energy 
use 
Product is not designed for 
recovery of energy intensive 
materials through disassembly. 
Design for recovery of 
energy intensive 
components and highly 
recyclable materials 
 
External form factor includes cover, obi 
and standard screws for disassembly. 
Internal features to protect screen and 
reduce adhesive.   
Solid 
residues 
Product designed to throw 
away if broken or outdated. 
Glued enclosure limits 
recovery. 
 
Design for recovery of 
parts. 
Use single materials.  
Allow disassembly and 
recovery. 
New form factor for disassembly and 
repurpose of screen, recycling of 
materials and removal of electronics.  
Limited recycling of large 
external parts due to finishes. 
 
Current nested keyboard in 
silicone case limits recovery of 
silicone and electronics. 
Reduce recycling barriers 
such as filler and coatings. 
 
Separate electronics from 
silicone. 
ABS molded in black color, uncoated 
and textured for finish and grip. 
Remove front plate. 
Single color for silicone support. 
Remove keyboard, reduce silicone mass 
and offer keyboard as accessory. 
Electronic components and 
screen contribute carbon 
emissions upon disposal.  
Design for recovery and 
of the screen and 
electronic components. 
External form factor for easy opening 
and recovery of components. 
Minimized glues and internal screws. 
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• Design outcome  
Figure 15 Tablet redesign following DfE matrix recommendations  
 
             
 
This design preserves the width 8” (221mm), height 5” (138mm) and screen 9.7” as the original 
device. One of the major design changes includes the separation of the silicone support from the 
covers. In the original design, the support was joined to the covers by a nylon hinge (Figure 15). 
Now the support is an independent part that can be removed or attached by a plastic c clamp (1), 
allowing the support to have the two original functions: (i) to cover the screen for protection and 
(ii) to support the tablet to free up user’s hands.  Moreover, there is one smaller incision in the 
left side of the silicone support (2) that allows removing the internal metallic structure for 
recovery of both materials. The front cover has been replaced by a back printed PC plate (3) that 
delineates the display frame. This change has saved a part and reduced the mass of ABS. Two 
lateral plastic plates (4) hold the front and rear together, using standard screws for easy 
disassembly. Last major change is the separation of the bottom and upper faces of the silicone 
keyboard by press fit features that allow disassembly and electronics recovery. The keyboard 
became an additional part not nested onto the support, as in the original design. 
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Following DfE matrix recommendations slightly changed the original design but not the user 
experience. As in the original design, the flip open cover/ support and small keyboard for 
increased productivity were preserved. The main changes did not interfere with the functionality 
of the product but did reduce its cost compared to the original device.   
 
These design changes modified the original BOM and reduce the total mass of parts designers 
control by 0.130kg. Table 41 shows the reductions in primary aluminum, ABS, PC and silicone 
because of the design changes. Another significant change is the addition of secondary aluminum 
and steel for internal structures, reducing the overall life cycle impacts of using primary 
resources.  
Table 41 New BOM of DfE matrix redesign  
MATERIAL MASS kg 
original design 
MASS kg new 
design 
Aluminum 0.087 0.023 
Secondary Aluminum 0 0.059 
Steel 0.076 0.089 
Secondary Steel 0 0.037 
Magnet 0 0 
ABS 0.120 0.085 
PC 0.114 0.104 
PP 0.063 0.073 
Nylon 0.005 0 
Silicone 0.155 0.090 
Total 0.620 0.490 
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Table 42 shows that the re-design improved the environmental performance in every life cycle 
phase and the concerns criticality was reduced but the highest improvements are yet to be 
realized. 
 
Table 42 Results of improvements of the re-design implementing DfE suggestions 
 
LC stage Concern Score 
 
 
Manufacture 
Materials: type, amount and diversity 4 
Energy use to process materials 3 
Solid residue of materials processing 4 
Liquid residue of materials processing 5 
Gas residue of materials processing 4 
  20/25 
 
 
Use 
Materials: possibility of extending materials life 4 
Energy use during operation of product  5 
Solid residue of broken, non-reparable parts 4 
Liquid residue of operating product 5 
Gaseous residue emitted while in use 5 
  24/25 
 
 
EOL 
Materials: identifiable, separable, sensitive  4 
Energy recovery through material recycling 3 
Solid residue of non-recyclable, mixed and difficult 
recovery of materials 
3 
Liquid residue of disposal of products  5 
Gaseous residue expelled upon disposal of product or 
parts 
4 
  19/25 
 
 63/75 
 
 
3.5.3.3 EPEAT application results  
Table 43 shows that of the criteria of the six categories EPEAT evaluates, the product must meet 
18 required and 15 optional criteria to be EPEAT certified. A design can gain gold certificate if 
the 33 criteria, summing required and optional, are met. The results show that of the 18 required 
criteria, the baseline design met 7 aspects and of the 15 optional criteria it met 7. According to 
these results, the product did not get the EPEAT certificate and at least all the 18 required criteria 
must be met to get bronze, the basic level of the certificate. 
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For this evaluation, packaging and corporate performance categories were excluded as being 
outside the scope of this project. Four optional criteria were also excluded from the matrix 
because they did not apply to the type of product and additional information not available to 
designers was required. The excluded criteria were early adoption of new ENERGY STAR 
specification; renewable energy accessory available; auditing of recycling vendor; renewable 
energy accessory standard. 
 
It was found that of all applicable criteria, the product performs best in controlling sensitive 
materials even though there are substances that still need to be replaced or minimized like 
brominated flame-retardants. Other type of non- brominated retardant that meets product 
requirements but is less harmful can replace these. The sensitive materials category requires 4 
substances changes to meet all criterions.  In contrast, in the other EPEAT criteria the product 
does not meet the majority of the requirements. Design changes must aim for improvements in 
material selection, prepare the product for end of life, lengthen the useful life, and allow end of 
life management. The design lacks secondary materials and restrains the recovery of them to be 
recycled, therefore, to gain the certificate the product would have to contain at least the 
minimum amounts of recycled materials and allow recycling at the end of life, as specified by 
EPEAT.  
The current form factor is not intended for repurposing or reusing in whole or in parts, which 
reduces longevity of components and materials. In addition, the product cannot be upgraded with 
common tools, which shorten its useful life and accelerates retirement. That leads to another 
problem of this product, the end of life management. Although, a program is not available to take 
back this new type of electronic and its components and this concern is not controllable by the 
designer, the product can be designed as if it was going to be claimed for recovery of materials, 
parts and appropriate end of life treatment. Aiming to address these concerns make the design 
environmentally sound and ready to qualify for the bronze and possibly for the silver EPEAT 
certificate. 
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Table 43 Electronic Product Environmental Assessment Tool (EPEAT) Evaluation Matrix 
 
EPEAT 
CRITERIA 
Criterion REQUIRED  OPTIONAL YES  NO 
Sensitive materials 
reduction 
  
Reduce hazardous materials  RoHS compliant    
 
  
Cadmium   Eliminates cadmium    
Mercury 
  
Report mercury use      
  Maximum 3 mg mercury per lamp    
Lead Lead free solder      
Hexavalent chromium   Eliminated in homogeneous 
materials 
   
Brominated flame retardant 
  
Eliminated      
  Eliminated from plastic parts >25 
g 
   
Batteries   Free of lead, cadmium, and 
mercury  
   
PVC    Large plastic parts free of PVC    
Material selection 
  
  
  
  
  
  
  
Total recycled plastics 
content 
Declared total post-
consumer material 
      
  
 Minimum 10% post-consumer 
plastics 
  
 Higher than 25% post-consumer 
plastic 
  
Renewable/bio-based plastic  Use renewable bio-plastic     
 
Dematerialization Declared product weight     
Design for eol 
  
  
  
  
Design for recycling Specified materials special 
handling needs 
      
 
Eliminated coatings/paint 
that reduce recycling 
   
Easy disassembly of    
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EPEAT 
CRITERIA 
Criterion REQUIRED  OPTIONAL YES  NO 
  
  
  
  
  
  
  
  
  
external enclosure with 
common tools 
Marked plastic components 
>100g 
    
Identified hazardous 
components for removal 
   
 Reduced plastic types in single 
enclosure >100g 
   
 Removable molded or adhesive 
metal  inserts from plastic 
enclosure 
   
Minimum 65% of materials 
or components are reusable 
   
 Minimum 90% reusable/recyclable 
materials and components 
 
 
 
Design for disassembly and 
recovery  
  
 Plastic parts >25 g are manually 
separable 
  
  Plastic components >25 g marked 
with material code 
   
Product longevity  Warranty Extended warranty available     
 
  
 
Upgradable w/ common 
tools 
Product and components 
should be upgradable w/ 
common tools 
   
 
  Modular design   
 
 Product life extension   Replacement parts available   
Energy 
conservation 
Power management system Complies w/ the Energy 
start program 
   
End of life 
management 
 Product take back  Take back service available       
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EPEAT 
CRITERIA 
Criterion REQUIRED  OPTIONAL YES  NO 
 Rechargeable battery 
recycling 
Rechargeable battery take-
back service available 
    
 
Total 19 7/18 7/15 14 19 
 
 
The environmental concerns from non-met requirements listed in Table 42 were split into aspects designers can change and rules 
outside the scope of a designer work. With this distinction, the designer focused on meeting non-met rules associated to material 
selection, product longevity and reparability and end of life. The changes were systematically implemented thinking on the desired 
end of life of the product to make upstream decisions like the material selected, design mechanism, features, joins, finishes and 
concept (Table 44). 
 
Of the eight categories evaluated in EPEAT, EOL and sensitive substances have 11 criteria each, combining required and optional. To 
become EPEAT certified, the designer focused on these categories to propose design changes that avoid materials of concern, use 
recommended materials, define the product for material recovery and preserve the useful life of parts for a longer period of time.  
Aiming at categories with more criteria increased the yes answers and made the product EPEAT silver. A higher certificate level 
depends on information and steps taken by other business roles.
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Table 44 Design changes to finding from EPEAT evaluation  
 
Life cycle Concern Findings Solution Design change 
Manufacture Materials Only primary 
material in BOM.  
Use recycled materials for 
larger parts for which primary 
resources is not critical. 
Use up to 29% post-consumer steel and 
71.5% of Aluminum for internal 
structures and screen frame. 
Use up to 16% recycled silicone. 
Add post-consumer PP to speakers  
High amount of 
plastic materials 
used. 
Minimize amount of plastics, 
use more metals already in 
BOM to substitute plastics if 
possible. 
Remove plastic front cover and back print 
PC of screen to frame display. 
Replace ABS of back cover for Al and use 
a blend of 50-50 primary and post-
consumer Aluminum. 
Remove nylon screw of support and add 
magnetic attachment to support. 
High diversity of 
plastic materials. 
Replace mixed materials by 
single resources for large parts.  
Replace plastics for metals 
already in BOM, if possible.  
Use plain ABS for external parts. 
Substitute ABS of back cover by 
Aluminum. 
Sensitive 
materials 
Hexavalent 
chromium used as 
hardener/stabilizer 
for the screen plastic 
frame. 
Design for recovery of screen 
through disassembly. 
Reduce screen adhesives that 
prevent recovery. 
Reduce external enclosure adhesive and 
add standard screws. 
Add obi (frame) to join back and screen, 
protect screen and locate screws. 
Use internal bosses and features to secure 
screen and reduce adhesive. 
Softener and BFR 
use in silicone 
support and plastic 
housing. 
Minimize silicone mass. 
Reduce or replace brominated 
flame retardants of external 
cover.  
Design for disassembly and 
separation of resins with BFR. 
Remove nylon screw, separate support 
from tablet and reduce support thickness. 
Substitute ABS of back cover by 
aluminum to reduce BFR. 
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Life cycle Concern Findings Solution Design change 
More than 3.0 mg 
mercury per lamp. 
Use mercury free lamps for 
screen or low mercury lights 
Use mercury free LED screen.  
Obi /frame and screws for disassembly 
and recovery of components. 
EOL Materials 
 
 
 
 
 
No information that 
identifies the 
presence and 
location of sensitive 
materials that 
require special 
handling. 
No materials 
information for easy 
recovery. 
Mark plastic parts 
Mold in recycling number on 
parts >20g. 
Use single materials  
Design for disassembly. 
 
Mold in resin type on plastic.  
Use standard screws, no more than 6, for 
external enclosures. 
Press fit system and obi to hold enclosures 
and reduce adhesive. 
Two pieces keyboard to access electronics 
inside silicone for material recovery.  
Plastic cover and 
parts >100 g contain 
paints or coatings 
that are not 
compatible with 
recycling 
technologies. 
Remove front cover to reduce 
plastic parts containing BFR. 
Substitute plastic by metal for 
back cover. 
Do not anodize/paint Al cover. 
Back print screen frame on PC part. 
Join screen and Al cover with ABS obi 
molded in black resin. 
Mold obi in black ABS, no coatings.  
Sand blast or brush finish for aluminum. 
Difficult 
disassembly of 
external enclosure 
with common tools. 
Breakage of covers 
necessary to open 
product. 
Allow manual disassembly 
with common tools. 
Add obi and screws on the back. 
Obi joins back cover and screen. 
Screen structure locks in features to 
minimize adhesive. 
Limited recovery of 
energy intensive 
materials and 
Allow recovery through 
disassembly.  
Use single materials to 
Internal features to reduce screws and 
adhesive for components recovery. 
Add obi to protect screen edges. 
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Life cycle Concern Findings Solution Design change 
components through 
disassembly. 
increase recovery. 
Substitute plastic by metals. 
Standard screws and obi for disassembly. 
Use plain black ABS for obi and 
Aluminum for cover. 
Sensitive 
materials 
Difficult 
identification and 
removal of 
components 
containing sensitive 
materials. 
Use fasteners easy to remove 
with common tools. 
Identify parts containing 
sensitive materials. 
Standardized and reduce amount of 
screws holding electronics. 
Add label with material list and warn 
about handling needs of hazards. 
Life 
extension 
Replacement parts 
unavailable. 
Components not 
design for 
repurposing. 
Enable recovery of screen for 
down cycling. 
Obi (frame), screws, no front plate, 
minimized adhesive, internal features. 
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• New design following EPEAT suggestions 
Figure 16 Re-design following EPEAT recommendations 
  
 
The new design measures 8” (221mm) width, 5” (138mm) height, and has a 9.7” screen as the 
original design.  The main change is the separation of the silicone support (1) from the tablet 
device to make them independent parts that can be easily recovered at the end of life. The tablet 
body is made of an aluminum back cover (2), a thin PC front plate (3) and a single frame (4) that 
wraps around the sides and bottom. This frame or obi holds the front and back together and 
allows the use of standard screws for disassembly. 
 
The cover is a thin silicone case with a lateral opening that allows inserting three horizontal thin 
structural steel pieces to give structure to the folding case. The opening enables removal of the 
steel pieces at the end of life so that silicone and steel are disassembled for respective fate. 
Although the tablet cover is made of aluminum, the silicone case magnetically attaches to the 
tablet through inner ferrous pieces located in inner channels that enable the contact. Observations 
to Apple tablet and its accessories and inquiries to the product representative at Best Buy about 
the mechanism to attach the support to the aluminum body, confirmed that there is a simple 
solution that incorporates ferrous bars into the tablet body, enabling the magnetic attachment. 
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The bottom of the support has a thin silicone keyboard attached to the support through a channel 
onto which a thin lip of the keyboard enters when the not in use. The keyboard can be removed 
for typing while the tablet rests in two different angles to improve visibility and free up the user 
hands (Figure 16).  The systematic approach to re-design the tablet from EPEAT findings 
emphasized the need for a design for disassembly and recovery of components. This need 
generated a design concept with split components easy to be taken apart, differing from the 
original design.  
 
The new design can be manually disassembled at the end of life or separated for maintenance or 
reparability.  The concept of standalone parts enables positioning of the tablet in different angles, 
changing the way this device is used and perceived by the user. This device offers capabilities 
for connectivity but also tools for productivity, which enhances the user experience. The cost 
increased with the use of aluminum for the cover and a stylish folding support but the 
recyclability of the product may return part of the initial investment.  
 
 
The new BOM of the re-design shows that EPEAT favored the use of secondary resources and 
the reduction of virgin material whenever possible. The changes reduced the total mass 0.163kg 
because some materials were phased out, larger parts were streamlined, dense materials reduced 
in mass and lighter resources introduced (Table 45). The design changes increased the amount of 
materials with high commercial value and demand so that this product would conserve a high 
EOL value and stimulate recyclability. In addition, the changes reduced the amount of materials 
with low commercial value and demand and problematic for EOL recovery and treatment for re-
entering the productive cycle.  
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Table 45 New BOM generated from the EPEAT suggestions 
 
MATERIAL MASS kg 
original design 
MASS kg new 
design 
Aluminum 0.087 0.088 
Secondary Aluminum 0 0.064 
Steel 0.076 0.086 
Secondary Steel 0 0.035 
Magnet 0 0.007 
ABS 0.120 0 
PC 0.114 0.104 
PP 0.063 0.073 
Nylon 0.005 0 
Silicone 0.155 0.09 
TOTAL 0.620 0.457 
 
 
  
The new design conforms to 75% of the applicable requirements, which would meet bronze 
EPEAT certificate. Re-evaluating the new design showed that the changes met 18/18 required 
criterion and 7/15 optional. These values were achieved by identifying the requirements that 
designers could change requirements that were mandatory to the electronics industry and must be 
met and requirements that may be fulfilled by a supplier, if the designer requests changes in the 
BOM and design specifications. Focusing on these three sets of rules and assuming 
manufacturers would agree with the changes rated the new design bronze. To qualify for a higher 
EPEAT level other requirements that are off the designer’s responsibility should be met, that is 
packaging, corporate, substitution of sensitive substances that are unknown for a designer (Table 
46). 
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Table 46 Improvements in EPEAT compliance of the re-design 
  
EPEAT CRITERIA Criterion REQUIRED  OPTIONAL YES  NO 
Sensitive materials 
reduction 
  
Reduce hazardous 
materials 
 RoHS compliant    
 
  
Cadmium   Eliminates cadmium    
Mercury 
  
Report mercury use      
  Maximum 3 mg mercury per lamp    
Lead Lead free solder      
Hexavalent chromium   Eliminated in homogeneous 
materials 
   
Brominated flame 
retardant 
  
Replaced      
  Eliminated from plastic parts >25g  
Replaced by silica based 
retardants, which don’t contain 
arsenic 
   
Batteries   Free of lead, cadmium, and 
mercury  
   
PVC    Large plastic parts free of PVC    
Material selection 
  
 
Total recycled plastics 
content 
Declared total post-
consumer material 
      
  
 Minimum 10% post-consumer 
plastics 
  
 Higher than 25% post-consumer 
plastic 
  
Renewable/bio-based 
plastic  
Use renewable bio-plastic     
 
Dematerialization Declared product weight     
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Design for eol 
  
  
  
  
  
  
  
  
  
  
  
  
  
Design for recycling Specified materials special 
handling needs 
      
 
Eliminated coatings/paint 
that reduce recycling 
   
Easy disassembly of 
external enclosure with 
common tools 
   
Marked plastic components 
>100g 
    
Identified hazardous 
components for removal 
   
 Reduced plastic types in single 
enclosure >100g 
   
 Removable molded or adhesive 
metal  inserts from plastic 
enclosure 
   
Minimum 65% of materials 
or components are reusable 
   
 Minimum 90% reusable/recyclable 
materials and components 
 
 
 
Design for disassembly 
and recovery  
  
 Plastic parts >25 g are manually 
separable 
  
  Plastic components >25 g marked 
with material code 
   
Product longevity  Warranty Extended warranty available     
 
  
 
Upgradable w/ common 
tools 
Components upgradable w/ 
common tools 
   
 
  Modular design   
 
 Product life extension   Replacement parts available   
Energy conservation Power management system Energy start qualified    
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End of life 
management 
 
 Product take back Take back service available       
  
Rechargeable battery 
recycling 
Rechargeable battery take-
back service available 
    
 
Total 16 18/18 7/15 27 6 
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3.6 Results from the reapplication of the metrics to evaluate the re-designs outcomes 
Table 47 summarizes the results from the application of the sustainability metrics to evaluate the recommendations of DfE tools.  
                                                          
13
 Materials of different composition that can completely recovered through disassembly 
14
 Materials of different composition not separable through disassembly 
15
 DB: dichlorobenzene 
16
 Percentage of recovery of the 4 recoverable materials through first disassembly 
17
 Percentage of CED potentially recovered through disassembly & recycling of parts from BOM designer can change 
CATEGORY METRIC BASELINE EMA DfE MATRIX EPEAT 
Material  
content 
Primary material content 0.620kg 0.510kg 0.490kg 0.457kg 
Secondary material content 0 Al  0.029kg 
 
Al 0.059kg 
Steel 0.037g 
Al 0.064kg 
Steel 0.035kg 
Number of dissimilar materials (single13) 9 8 10 10 
Number of dissimilar materials 
(composite14) 
PCB-RAM 
LED screen 
Battery 
Silicone support 
PCB-RAM 
LED screen 
Battery 
PCB-RAM 
LED screen 
Battery 
PCB-RAM 
LED screen 
Battery 
Energy Energy intensity of material production 66MJ/kg 49MJ/kg 47MJ/kg 52MJ/kg 
Emissions Carbon footprint of material production 
(CO2 Kg-eq) 
3.43kg CO2 eq. 2.74kg CO2 
eq. 
2.45kg CO2 eq. 2.92kg CO2 eq. 
Human toxicity of material production  
(1, 4-DB15 eq.) 
0.85kg 1,4-DB 0.69kg 1,4-DB 0.70 kg 1,4-DB 1.05kg 1,4-DB 
EOL Mass of materials recoverable by 
disassembly 
0.288kg 
46% 
0.333kg 
65% 
0.293kg 
60% 
0.280kg 
61% 
Mass of materials potentially recoverable 
by disassembly and recycling  (recycling 
potential) 
0.091kg 
15%16 
0.117kg 
19% 
0.130kg 
21% 
0.163kg 
26% 
Cumulative energy potentially recovered 
by recycling 
14MJ 
21% of BOM17 
12 MJ 
24% of BOM 
9 MJ 
19% of BOM 
21MJ 
34% of BOM 
Degree of disassembly possible Difficult Moderate Easy Easy 
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The results from the re-application of the metrics revealed that changes in the EMA re-design 
improved the usage of materials because the number of materials was reduced while getting the 
highest increase of the mass of materials recoverable by disassembly.  
 
An advantage of applying DfE matrix and EPEAT, which provide materials threshold and design 
guidelines, is that they helped substantially increase the content of secondary materials and 
decrease primary resources. This is important because primary materials consume more energy 
for processing and that triggers the carbon footprint and human toxicity potential associated to 
resource transformation. The use of secondary materials is beneficial from a sustainability 
viewpoint as demonstrated in the EPEAT re-design. The largest energy savings result from the 
EPEAT redesign because it uses the largest amount of post-consumer material, which decreases 
the energy required to refine aluminum from bauxite ore, the energy intensive processing step in 
primary material production. This re-design has the highest potentially recoverable energy at the 
end of life because the use of aluminum makes the product significantly more recyclable and its 
energy recoverable. Moreover, the use of secondary aluminum reduces toxicity from particulates 
release during refining. The sorting and cleaning of scrap aluminum removes some of the toxic 
particulates that are released during refining, as this procedure is only realized for secondary 
resource, it makes its refining cleaner in contrast to primary aluminum.   
 
The re-application of the metrics showed that they are useful to test if a DfE tool was successful 
in reducing environmental impacts of a product or if new tradeoffs were introduced. The use of 
the metrics demonstrated that the most effective way to measure the benefits of applying DfE 
tools is by evaluating the changes in environmental concerns through common parameters as the 
sustainability based metrics.  The metrics also revealed that every tool diverged in the 
recommendations, producing different design outcomes. For instance, EMA emphasized specific 
upstream material changes like silicone, affecting the components made of silicone and leading 
to drastic re-design of the parts and product architecture changes like replacement of the silicone 
support.  This single material change re-shaped the product, which is simplified and more robust, 
and reduced the number of components.  
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DfE matrix leads to less drastic changes of the baseline design because the tool did not highlight 
the specific parts that cause the impacts so the whole product system is revised to identify re-
design opportunities. EPEAT emphasizes the EOL concerns to encourage changes in materials 
upstream and improved product attributes for disassembly and recyclability, which differs mostly 
from materials content and attachment of components of the original design. The re-designs 
following DfE matrix and EPEAT recommendations preserve most of the features of the original 
design with less drastic modifications to its architecture while delivering the same function. In 
contrast, EMA suggested removing components made of stressor materials as the only way of 
improving environmental performance. This recommendation leads to rethinking the function of 
those components and the opportunity for other components to absorb their function without 
affecting the design intent. This tool encouraged rethinking the whole and creating a new 
architecture that from a designer’s perspective simplifies the product design.  It must be noted 
that the re-designs did not changed the functionality and seem to met design specifications. 
However, for the EMA re-design it is yet to be proven that the drastic changes still meet the user 
needs.  
 
Conclusions 
The need to implement sustainability principles and practice has increased the interest on 
developing tools that suit the needs of different DfE practitioners.  The availability of multiple 
DfE tools makes their selection complex and overwhelming for product designers and design 
engineers. This project provides a study on selection and testing of three DfE tools to help meet 
sustainability and design goals.  
The methodology proposed characterizes a set of tools and screens the degree to which they meet 
critical criteria for sustainability and the design process. The tool screening method simplifies the 
analysis of a large number of techniques and creates a uniform format to visualize which tools 
could lead to the most sustainability improvements while meeting other regular business 
parameters. This step reduces the number of potential candidates to those that qualify as the most 
effective. To evaluate the effectiveness of the recommendations of the tools, this project 
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proposed the use of sustainability metrics that independently identify product impacts and 
measure the changes obtained from each DfE tool.  
The assessment of the original design using the sustainability metrics showed that the set of 
materials of the parts a product designer can change is energy intensive, releases high amounts of 
carbon, has a high potential for human toxicity and low recovery potential based on the current 
design features. These results are primarily from the use of large amounts of primary materials of 
diverse types, the presence of mixed resources that cannot be recovered through first manual 
disassembly and the difficulty of recovering mass of materials at the end of life and high 
cumulative energy materials for re-processing.   
 
The three tools tested in this thesis had the potential to make recommendations that lead to 
decisions and changes that can minimize environmental impacts. In this study, each tool 
ultimately led to sustainability solutions that re-configured the design in different ways and 
generated sustainability tradeoffs. A tool itself do not solve sustainability issues, a designer and 
DfE tool user should take the decisions about the changes and identify the ripple effects that such 
decisions would have in other phases of the product life.  
 
Expert software tools like EMA have strengths including 1) the leverage of a model that 
designers create as daily tool to communicate design intent; 2) the ease to re-evaluate concepts 
by creating parts and replacing materials that can be compared multiple times and 3) the use of 
scientific databases with pre-established impacts, making the product assessment reliable and 
quick.  EMA helps designers gain sustainability expertise based on the materials data of the 
inventory database. The available data enable designers to make informed decisions that 
substitute stressor materials that consume high energy amounts and release high carbon 
emissions. The effectiveness of EMA depends on accuracy of materials selection and the ability 
of designers to identify the tradeoffs of decisions on the basis of the tools results. An important 
factor of the assessment is the cost of materials, which EMA includes, helping identification of 
cost effective substitutes.  
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The recommendations of EMA produced drastic design changes because the materials of the 
hardware had to be substituted. For parts like the hinge and the support no better substitute 
materials was found in the EMA materials database. The solution eliminated parts made of the 
stressor materials and made other components absorb functionality of eliminated components.  
DfE matrix strength is the ease of adapting the method and assessment to the available 
information about the product. To obtain effective results with the use of DfE matrix, the 
practitioner does not need sustainability knowledge but complete information about the product.  
DfE matrix connects the stage and concerns that need improvement even if not all the matrix 
questions can be answered. The rating system can be normalized to the number of questions 
answered. The use of this tool resulted in less drastic re-design changes to the product 
architecture but a more robust design thought for easy manual separation of parts using common 
tools.  
 
The strength of EPEAT is the guided assessment of the product parts and materials and the link 
to recommendations that if implemented can substantially lead to changes for a reduced product 
footprint. EPEAT requires details about product components that may only be known by the 
suppliers. Some technical knowledge is required to use EPEAT effectively and collaboration of 
the supply chain to obtain data for the assessment is critical. 
 
 
EPEAT main contribution was the increase of the potential of materials and components to be 
recovered at the end of life.  The product architecture was modified to preserve the original 
functionality with new design features that enable easy disassembly and recycling of materials of 
a single type. That is not blended materials. EPEAT prescribed what designers should change, 
which is an advantage for practitioners with little knowledge on sustainable practices. The 
critical impacts like sensitive substances guide designers on what to avoid while other criteria 
like design for End of Life strives to close the loop.  
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Following the tools recommendations produced similar sustainability outcomes because the 
materials a product designer can change are a small percentage of the product by mass. 
Therefore, there are small sustainability changes among the three redesigns and the original 
product. In contrast, the tools recommendations produced distinctive design concepts because the 
substitution of materials required particular reconfiguration of the hardware, which resulted in 
elimination of parts and re-designed components with multiple functions. 
 
If all the high-embodied energy parts a designer can change can be recovered by manual 
disassembly, implementing EPEAT recommendations produces the highest CED savings by 
recovery of the material at the End of Life. In contrast, if these materials are not recovered at 
EOL, then, EMA redesign has the greatest energy savings potential.  
 
All tools were effective in helping reduce the product footprint according to the LCA-based 
metrics used to validate the outcomes of the re-design. The tools target similar impact areas but 
differ in the approach to evaluate and the weight of the areas, which yields diverse re-designs.  
 
All tools provide diverse opportunities to address the environmental impacts but the 
effectiveness to help attain sustainability goals depends on the purpose of using each tool, the 
practicality of implementing the techniques and the product information available for the 
assessment. 
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